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Abstract 
Estrogenic compounds are most significant endocrine disrupting compounds (EDC), 
which are of primary concern due to their widespread presence in the aqueous 
environment and also due to their adverse impact both on aquatic life and potential risk to 
human health. Conventional wastewater treatment plants are not designed to remove 
EDC, with biosorption on biosolids as the predominant removal mechanism. Anaerobic 
digestion is one of the most preferred processes employed for sludge stabilization in 
wastewater treatment plants. Advanced oxidation processes (AOPs) are seen as 
promising technologies for removal of estrogens from the environment. In this research, a 
controlled degradation study of estrogenic compounds in anaerobic digestion was 
undertaken. Anaerobic digestion of estrogens was not observed under any circumstances 
and pretreatment only played the role of reducing the estrogen loading on the anaerobic 
digesters. Digestion led to increase in estrogenicity which may be attributed to 
biotransformation of E1 to E2, and as expected most of the estrogens partitioned onto the 
solid phase and remained there during digestion.  
 In this work, a comprehensive study was conducted to determine the relative efficiency 
of various advanced oxidation processes such as O3, H2O2, UV, and combinations of UV/ 
O3, UV/H2O2 for the removal of estrone (E1) from pure water and secondary effluent. In 
addition, to the parent compound (E1) removal, performance of the AOPs was 
characterized using removal of total organic carbon (TOC) and estrogenicity of the 
effluent. Intermediate analysis indicated that UV photolysis produces recalcitrant 
intermediates, affecting slow TOC removal. Energy calculations and cost analysis 
indicates that UV processes are best in terms of operating costs (mainly electrical), 
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although ozonation is optimum when  both capital and operating water treatment costs 
are taken into account ($0.34/1000 gallon) in light of its superior removal of E1, TOC, 
and estrogenicity relative to other AOPs. The rate of TOC degradation was low for all the 
AOPs including ozonation. The rate of E1 removal decreased linearly with the 
background TOC in water, although E1 degradation in the secondary effluent was not 
affected significantly due to the low COD concentration.  
 
Keywords: Estrone (E1), 17β-estradiol (E2), Wastewater treatment, Biosolids, Advanced 
Oxidation Processes, EDCs, Hydroxyl radicals, TOC, YES assay  
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Chapter 1 
 
Introduction 
 
1.1 Background 
With growing population, there has been rapid development in technology and 
urbanization improving the quality of life around the world. With these improvements 
‘emerging contaminants’ (pollutants that have been recently discovered in the 
environment such as endocrine or immune disruptors) (Petrović et al. (2003); Stasinakis 
(2012)) have been polluting precious water resources. Of the various emerging 
contaminants, endocrine disrupting compounds (EDC) are the most serious ones because 
these compounds can interfere with the normal functioning of hormones by interaction 
with the endocrine system which poses threat not only to aquatic organisms but also 
humans (Zhang and Zuo (2005); Petrovic et al. (2004); Esplugas et al. (2007)).  
EDCs can be divided into the following groups: (Basile et al. (2011)) 
• Pharmaceuticals: steroid hormones (estrone (E1), estradiol (E2), estriol (E3), 17α- 
ethinylestradiol (EE2)); antibiotics (ciprofloxacin, tetracycline); analgesics 
(ibuprofen, naproxen) etc. 
• Personal care products: surfactants (alkylphenols); synthetic fragrances (nitro 
musks, polycyclic musks); preservatives (parabens) etc. 
• Pesticides: triazine, trichlorophenol, DDT etc. 
• Miscellaneous industrial chemicals and byproducts: phthalate, bisphenol A, 
polyaromatic hydrocarbons, polychlorinated biphenyls, organotin, organomercury 
etc. 
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Of all EDCs, natural and anthropogenic steroid hormones (estrogens) are the most 
environmentally relevant ones because of their widespread presence. They are considered 
to be responsible for the majority of endocrine-disruption in aquatic environments such as 
feminization of male fishes due to their high estrogenic activity (Racz and Goel (2010); 
D'Ascenzo et al. (2003); Desbrow et al. (1998); Routledge et al. (1998)). These hormones 
ultimately end up in the environment through both animal waste disposal and sewage 
discharge. Servos et al. (2005) reported about 65% removal of estrogens in wastewater 
treatment plants (WWTP) and found E1 and E2 in the range of 2.4-96 ng/L in 18 
Canadian WWTPs effleunts and they also found that estrogenicity, as assessed by the in 
vitro yeast estrogen screening (YES) bioassay, was only reduced by 47% by wastewater 
treatment. Further, Desbrow et al. (1998)) detected E1 and E2 in 7 British WWTPs 
effluents in the range of 1-80 ng/L. Due to their low to moderate solubility and relatively 
high octanol-water coefficient, most of the estrogenic compounds partition onto biosolids 
in activated sludge plants. Anaerobic digestion is the final treatment process before the 
biosolids can be disposed for land application or landfilling. Czajka and Londry (2006) 
found that under anaerobic conditions, estrogen concentration remained constant even 
after an incubation time of 42 days. On the other hand, Carballa et al. (2006) found that 
up to 85% of estrone was removed in anaerobic digestion. This apparent contradiction 
about the role of anaerobic digestion on the degradation of estrogenic compounds might 
be attributed to the scale of study and nature of wastewater warranting further control 
studies on anaerobic digestion of estrogenic compounds using different types of 
wastewater. 
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Advanced oxidation processes (AOPs) which produce highly oxidative hydroxyl (OH•) 
and superoxide radicals, are one of the most widely used methods for removing 
recalcitrant organic compounds including estrogens. AOPs are highly diversified and the 
most important of them include UV photolysis, ozonation, photocatalysis, electrolysis, 
Fenton's reagent, ultrasound (10-100 kHz) and wet air oxidation. Other less used AOPs 
include microwaves, pulsed plasma, ionizing radiation and the ferrate reagent. AOPs are 
applied not only for water/wastewater treatment but also for soil remediation, production 
of ultrapure water, volatile organic compounds removal, odor control, groundwater 
treatment and conditioning of sludge (Mantzavinos and Psillakis (2004); Comninellis et 
al. (2008)). AOPs such as UV, ozonation (O3), UV/O3, which are commonly used for 
final treatment in traditional WWTPs can be used to remove estrogenic compounds 
present in the WWTP effluents.  Although several studies dealt with AOPs of various 
estrogenic compounds (Atkinson et al. (2011); Suri et al. (2010)) earlier, their 
comparative performance for the treatment of estrogenic compounds in secondary 
effluents has never been assessed. AOPs are also used to pretreat (Carrere et al. (2010)) 
sludge prior to anaerobic digestion to improve anaerobic digestibility of recalcitrant 
compounds, which are not amenable to bacterial hydrolysis. However, pretreatment of 
estrogenic compounds prior to anaerobic digestion has never been conducted before. 
While AOPs are useful for degrading myriads of organic compounds, intermediates 
formed during oxidation can be more toxic than the parent compounds. In addition, 
complete mineralization to carbon dioxide and water can be cost prohibitive. 
Furthermore, extensive and difficult chemical analyses are required for identifying the 
intermediates formed during oxidation. Lately, instead of expensive chemical analyses, 
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bioassays such as the Ames II test, yeast estrogen screen (YES) assay, etc. are being used 
to determine the whole effluent toxicity (Rizzo (2011)).   
Based on the above, the objectives of the present study are:   
• Conduct anaerobic digestion of E1 and E2 under controlled conditions using various 
types of sludges such as primary sludge (PS), waste activated sludge (WAS), and 
anaerobically digested sludge (seed).   
• Determine the effect of ultrasonication, an AOP, on anaerobic digestion of E1 and E2. 
Due to the opaque nature of sludge to UV-based AOPs, ultrasonication was chosen as 
an AOP. Earlier, our research group conducted extensive research on improving 
anaerobic digestibility of various types of sludges using ultrasonication (Elbeshbishy 
et al. (2011)). 
• Evaluate the comparative performance of various AOPs such as UV, ozonation (O3), 
H2O2, and their combinations on the removal of estrogenic compounds in terms of 
removal of parent compounds, extent of mineralization determined by total organic 
carbon (TOC) of the solution, and reduction of estrogenicity using YES assay.  
Given the increasing concern about EDCs, and the fact that the quantity of E1 discharged 
into receiving waters is more than 10 times that of E2, the most potent estrogenic 
compound, in this study E1 and E2 were chosen as the model compounds. As E1 is 
anaerobically transformed to E2, for the anaerobic digestion studies of sludge both E1 
and E2 were used as the model compounds.  On the other hand, our earlier studies 
indicate that oxidative degradation of E1 is more difficult compared to E2 (Chowdhury et 
al. (2011)), therefore E1 was used as the model compound for the comparative evaluation 
of the AOPs in water.   
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1.2 Overview of the thesis 
The thesis is divided into the following chapters: 
Chapter 1 provides general introduction of the research problem, approach to the problem 
and the outline of the thesis. 
Chapter 2 presents the review of the scientific literature pertinent to the present research. 
Chapter 3 discusses the anaerobic digestibility of both untreated and pretreated 
(ultrasonicated) E1 and E2. 
Chapter 4 describes the comparative performance of various AOPs on degradation of E1 
using various indicators such as kinetics, percent removal of E1, TOC, and estrogenicity, 
effect of background water quality, and cost.  
Chapter 5 presents the major findings and conclusions of the present study followed by 
recommendations for future work. 
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Chapter 2 
 
Literature Review 
2.1 Estrogens and endocrine disrupting mechanism 
Challenges now-a-days for wastewater treatment plants (WWTPs) are not only to remove 
biodegradable matter but also recalcitrant organic and inorganic micropollutants. Some of 
these micropollutants have been found to have endocrine disrupting charactersitics. 
Endocrine disrupting compounds have been defined as “chemicals (usually man-made), 
which are designed for various uses, eventually end up in aquatic systems, and which 
interfere with the normal functioning of various organisms’ endocrine systems” (Clara et 
al. (2005b)). Endocrine disrupting compounds have the ability to change the action of 
natural hormones by special interaction with hormone receptors, which either mimic or 
antagonize the activities of natural hormones, thus presenting not only a threat to aquatic 
organisms, but also to humans (Ying et al. (2002)). 
2.1.1 Endocrine disruption mechanism 
Endocrine disrupting compounds (EDC) derive their activity by interference and 
interaction with hormone receptors. Disruption occurs due to abnormal binding of toxic 
compounds to one of the nuclear receptors of the endocrine system, producing 
subsequent adverse effects in the organism as shown in Fig. 2.1 (McLachlan (2001)). 
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Fig. 2.1 Endocrine disrupting mechanism (McLachlan (2001)) 
 
EDC’s can disrupt the functioning of normal hormones by three ways: 
• By mimicking the effect of natural hormones via attaching to the hormone 
receptors, known as an agonistic response. 
• By blocking the receptors in target cells for these hormones, thus preventing 
normal response of natural hormones, known as an antagonistic response. 
• By changing the synthesis and function of hormone receptors and interfering 
with the synthesis, metabolism, and excretion of hormones. (Ropero et al. (2006) 
2.1.2 Occurrence of estrogens in environment 
There has been considerable interest in understanding not only the occurrence but also 
the ultimate fate of the steroid estrogens in wastewater effluents and biosolids over the 
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past few years (Ternes et al. (1999a); Ternes et al. (1999b); Carballa et al. (2004)). 
Biosolids are nutrient-rich organic materials resulting from the treatment of sewage 
sludge (the name for the solid, semisolid or liquid untreated residue generated during the 
treatment of domestic sewage in a treatment facility (US EPA). Properly treated 
(stabilized) biosolids can be safely recycled and applied as fertilizer to sustainably 
improve and maintain productive soils and stimulate plant growth (Tchobanoglous and 
Burton, 1981). However, only those biosolids that meet the most stringent standards set 
by US EPA can be further used as fertilizers. 
Although, estrogens are hydrophobic in nature, in order to ease their removal from 
human bodies, esterification to their conjugated forms such as glucoronides (GLU) or 
sulfates (SUL) (Chen and Hu (2010); Khanal et al. (2006)) occurs. These conjugated 
forms are not estrogenic in nature but when they reach WWTPs, deconjugation takes 
place due to enzymatic hydrolysis and they get converted to their original forms. Ternes 
et al. (1999a); Ternes et al. (1999b) detected several estrogens like E1, E2, EE2 in 
Canada, Germany and Brazil sewage treatment plants. Natural and anthropogenic 
estrogens have been detected in wastewater effluent to a concentration as high as 100 
ng/L; due to their moderately high octanol-water coefficient, the digested solids or 
biosolids had a higher concentration of estrogens than liquid effluents (Andersen et al. 
(2003); Servos et al. (2005)). As biosolids may ultimately become a repository of 
estrogens, it is very vital to study not only the liquid phase concentration of estrogens but 
also the solid phase concentration (Citulski and Farahbakhsh (2012); Shafrir and Avisar 
(2012); Yang et al. (2012); Andaluri et al. (2012)) 
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The scientific community had detected abnormalities not only in the aquatic organisms 
but also in other terrestrial organisms which come in contact with streams receiving 
effluents from WWTPs, which necessitates the study of the fate of estrogens in 
wastewater (Andersen et al. (2003)). 
However, the main challenge of studying these steroid estrogens in wastewater is the high 
matrix interference due to other compounds present in wastewater. This necessitates the 
use of standard analytical protocols which are both labor and resource intensive, that have 
to be continuously improved for accuracy and precision of measuring the low 
concentration target compounds (Budzinski et al. (2006); Temes et al. (2002)). Besides 
the chemical analysis, biological assays such as enzyme linked immunosorbent assay 
(ELISA), yeast estrogen screen assay (YES) are also available to quantify the estrogens 
(Aerni et al. (2004); Kolle et al. (2012); Fang et al. (2012)). 
2.2 Fate of steroid estrogens during wastewater treatment 
2.2.1 Wastewater treatment plant overview (Metcalf and Eddy (2003)): 
A simplified WWTP is shown in Fig. 2.2. The wastewater treatment plant can basically 
be divided into the following treatment levels: 
• Preliminary: Removal of wastewater constituents such as rags, grit, grease, sticks 
and floatables that may cause maintenance problems with downstream treatment 
operations and ancillary systems. 
• Primary: It is a physical operation, usually sedimentation, which is used to 
remove floating and settlable materials found in wastewater. The main purpose is 
to remove a portion of the suspended solids and organic matter from the 
wastewater. 
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• Secondary treatment (biological treatment): The primary effluent is treated in this 
section. It is a biological process which helps not only in the removal of 
biodegradable organic matter but also nutrients like nitrogen and phosphorus. It 
includes unit processes like activated sludge process, oxidation ditch, aeration 
tank, trickling filter etc. 
• Tertiary treatment: The final step is to further improve the effluent quality before 
it is discharged to a receiving environment such as groundwater, lake, sea or river. 
It helps in removing refractory contaminants, which cannot be removed by 
secondary treatment. Some of the major unit processes in this step are: activated 
carbon adsorption, ion exchange, membrane filtration, reverse osmosis etc. The 
final polishing of water is conducted using chlorination, UV, and O3 or in 
combination. 
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Fig. 2.2 A typical wastewater treatment plant (Metcalf and Eddy (2003)) 
 
2.2.2 Physicochemical properties of estrogens  
As mentioned in the previous section, estrogens have not only been detected in surface 
water but also in wastewater. In order to understand the fate of the estrogens, their 
physicochemical properties (Table 2.1), need to be considered. 
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Table 2.1Physicochemical properties of estrogens (Lai et al. (2000); Lai et al. (2002)) 
 E1 E2 E3 EE2 
Molecular formula C18H22O2 C18H24O2 C18H22O3 C20H24O2 
Molecular weight 
(g/mol) 
270.4 272.4 288.4 296.4 
Vapor pressure 
(mm Hg) 
2.3 x 10-10 2.3 x 10-10 6.7 x 10-15 4.5 x 10-11 
Water solubility 
(mg/L @ 20oC) 
13 13 13 4.8 
log Kow 3.43 3.94 2.81 4.15 
Henry’s law 
constant 
(Pa m3/mol) 
6.2x10-7 6.3x10-7 2.0x10-11 3.8x10-7 
 
Steroid estrogens are cholesterol derivatives. Therefore, E1, E2, E3, and EE2 have 
molecular structures which are very similar to cholesterol (Fig. 2.3). 
 
 
 
 
 
  
                                                
                                                  
           Estrone(E1)                                                           
             Estriol(E3)                                                      
Fig. 2.3 Molecular structure of cholesterol and estrogens
 
All estrogens have very low Henry’s constant 
their very low volatility. Natural estrogens such as E1, E2, and E3 
solubility of approximately 13 mg/L,
lower solubilities of 4.8 mg/L
which explains their hydrophobic nature. This value is even more for anthropogenic 
hormone (EE2). 
Conventional sewage treatment plants are unable to remove most of the steroid estrogens 
(Ternes et al. (1999a)). The
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depends on two factors namely sorption and biodegradation, since volatilization of 
estrogens can be neglected due to their low Henry’s constant and low vapor pressure. 
2.2.3 Sorption 
Sorption includes both absorption and adsorption. It is both a physical and chemical 
process by which a substance gets attached to the other one either reversibly or 
irreversibly (Schwarzenbach et al. (2002)). Estrogens are considered to be hydrophobic in 
nature on account of their moderately high octanol water partition coefficient (log Kow) 
(Table 2.1). Moreover, the solid water partition coefficient of estrogens range from 2.4-
3.0, which shows their relatively high affinity for solids present in wastewater (Carballa 
et al. (2008)). Sorption takes place due to the electrostatic interactions of positively 
charged groups of chemicals with the negatively charged surfaces of the microorganisms 
(Suárez et al. (2008)). Adsorption kinetics of estrogens on heat treated activated sludge 
were determined by Ren et al. (2007b), who concluded that the adsorption equilibrium 
was reached within only 10 minutes. Andersen et al. (2005) established adsorption 
isotherms for estrogens on activated sludge and concluded that about 50%-75% of 
estrogens will be sorbed during activated sludge treatment in a WWTP. 
2.2.4 Biodegradation 
The study of microbial degradation of steroids was first carried out in 1944 when Turfitt 
stated that there are certain microbes present in soil such as Proactinomyces which have 
the ability to degrade cholesterol (Turfitt (1944)). As mentioned earlier, estrogens are 
derivatives of cholesterol and are an excellent source of carbon (C18H22O2) for microbial 
degradation. But their complex structures make them less amenable to biodegradation, 
which is mainly attributed to steric hindrance, which also imparts their estrogenicity 
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(Laarhoven et al. (1961)). Also, exposure time determines the degree of estrogens 
removal. Longer solids retention time in wastewater treatment systems enhance estrogen 
removal due to longer exposure and the presence of a diverse microbial community 
(Khanal et al. (2006)). With respect to anaerobic digestion, de Mes et al. (2008) stated 
that there is no substantial decline in the total of E1 and E2 observed over a long term 
anaerobic digestion (205 days). On the other hand, Carballa et al. (2006) found that more 
than 85% of estrogens can be removed using anaerobic digestion. These studies indicate 
that there are conflicting results on anaerobic digestion. Due to these contradictory 
results, there is a need for further research in this field as indicated by Combalbert and 
Hernandez-Raquet (2010)). 
2.2.5 Fate of estrogens in treatment plants 
Estrogenic activity was measured after the activated sludge process at several Canadian 
municipal water treatment plants (Servos et al. (2005)). Although some plants showed 
reduced estrogenicity, others showed elevated estrogenicity with reasons attributed to the 
presence of additional unknown chemicals and conditions/degree of treatment. Holbrook 
et al. (2002) worked on biosolids and indicated that in both aerobic and anaerobic 
digestion, mass balances revealed an increase in estrogenic activity.  
Adsorption on the bacterial mass plays an important role in the removal of estrogens from 
water in the secondary treatment. Some biodegradation occurs in activated sludge 
systems depending on solids retention time (SRT) in the reactor (Clara et al. (2005a)). 
Biodegradation processes such as trickling filters, were studied in Canadian (Servos et al. 
(2005)) and Brazilian WWTP (Ternes et al. (1999b)) and they were found to be 
inadequate to remove estrogens.  
20 
 
 
2.3 Removal of estrogens by adsorption 
Adsorption of estrogens to sewage sludge is often viewed as the first stage of 
biodegradation, so it becomes a very important mechanism of their removal with the 
excess sludge. To determine the extent of adsorption, the adsorption coefficient (Kd) or 
distribution coefficient, defined as the ratio of equilibrium concentrations of a dissolved 
adsorbate in a two-phase system consisting of sewage sludge and water as shown in the 
following equation is the most common parameter: 
Kd= Cs/Cl ……………………………………………………………………..……… (2.1) 
where Cs = concentration of adsorbate in solid phase in ng/kg, Cl = concentration of 
adsorbate in liquid (aqueous) phase in ng/l. Freundlich sorption isotherm is often used to 
describe partitioning of a compound between two phases as described by following 
equation : 
Cs = Kf *Cen……………………………………………………………………..……. (2.2) 
where Kf and n are Freundlich sorption parameters; for linear sorption isotherms (n=1) 
i.e. Kf = Kd. 
Andersen et al. (2005); Clara et al. (2004) developed Freundlich sorption isotherms for 
E1, E2, E3 and EE2 onto activated sludge. They found from the fitted data, that n is near 
unity, suggesting that the sorption of estrogenic compounds can be described by linear 
adsorption. The calculated value of adsorption / distribution coefficient (log Kd) for the 
estrogens ranged from 2.60 to 2.84, well within the range (2.1-2.9) where sorption is a 
relevant removal process (Carballa et al. 2008). Clara et al. (2004) reported that batch 
experiments did not reach saturation reflecting the high adsorption potential of sludge for 
estrogenic compounds, despite high initial concentrations (50 mg/L). Furthermore, Ren et 
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al. (2007a) investigated sorption of E1, E2, E3, EE2 and equol onto sewage sludge 
deactivated by heat treatment. Heat treatment was conducted to eliminate the effect of 
biodegradation on adsorption, but heat treatment may alter the physical characteristics of 
the sludge, which was not accounted for. Interestingly, Ren et al. (2007a) observed that 
sorption behavior was independent of the log octanol-water coefficient (log Kow) values 
of respective compounds. In another study, Zeng et al. (2009) studied simultaneously the 
process of sorption and biodegradation of E2, in both activated and inactivated sludge 
under aerobic conditions. Both Freundlich and linear sorption isotherms fitted the 
experimental data well. The aforementioned authors showed that removal was achieved 
by sorption onto solid phase and further subsequent biodegradation by the microbes. 
Adsorption of E1, E2, E3, and EE2 to sewage sludge depends on certain factors such as 
pH, redox conditions etc. It was shown by Lai et al. (2000) and Lai et al. (2002) that 
compared to aerobic, both anoxic and anaerobic conditions favored the sorption process. 
Clara et al. (2004) found no detectable change on the sorption of estrogens to sludge up 
to pH 9, although, between pH 9-10, there was about 30%-50% desorption of initially 
adsorbed estrogens, which correlates with the pKa value of all the 4 estrogens mentioned 
above. 
Carballa et al. (2008) indicated that despite varying operating parameters such as 
temperature, SRT, pretreatments, the sorption behavior did not change and the Kd values 
of estrogens in the digested sludge were comparable to the primary and secondary sludge. 
2.4 Removal of estrogens by anaerobic digestion (biodegradation) 
Availability of literature on biodegradability of estrogens by anaerobic digestion is 
scarce. Moreover, many of these results are contradictory in nature.  
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The resistance or recalcitrance of these organic compounds to anaerobic digestion, 
eventually leads to their accumulation in biosolids. There have been different studies on 
understanding the mechanism of biodegradation of estrogens (Estrada-Arriaga and 
Mijaylova (2010); Fang et al. (2003); Ren et al. (2007a); Vader et al. (2000)). 
Lab (pilot) scale v/s plant scale study: 
 Czajka and Londry (2006) conducted a lab scale batch anaerobic digestion. They spiked 
5 mg/L of estradiol (E2) in lake sediments and incubated under different anaerobic 
digestion conditions such as methanogenesis, sulphate-reducing and nitrate reducing and 
found that even after an incubation period of 383 days, the total amount of E1 and E2 
remained unchanged at 3.91-4.05 mg/L under various anaerobic digestion conditions. In a 
similar study, Furuichi et al. (2006) conducted experiments on estrogenicity of pilot scale 
swine waste treatment plant (temperatures of 16-22oC in UASB, HRT of 2 days). They 
found that although, overall estrogenicity remained constant signifying inefficiency of 
anaerobic digestion to biodegrade estrogenic compounds, estrone aqueous phase 
concentrations increased by about 27% in the outlet as compared to the inlet. de Mes et 
al. (2008) conducted another long term lab scale batch experiments for 45-205 days using 
initial spiking concentration of estrone at 5 mg/L in four different sludges: flocculent 
sludge, granular sludge from UASB, biological sludge and digested pig manure. They 
concluded that estrogens do not degrade under anaerobic conditions. Zheng et al. (2012) 
studied estrogenic hormones in dairy lagoon water at lab scale and concluded that 
estrogenic compounds are relatively stable over time, which eventually may lead to 
accumulation in anaerobic or anoxic environments. On the other hand, Lee and Liu 
(2002) investigated the fate of E2 and its 5 metabolites in batch scale anaerobic digestion 
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and concluded that biodegradation of these compounds occurred under anaerobic 
conditions. Furthermore, Carballa et al. (2004); Carballa et al. (2006) reported similar 
results through two independent lab scale studies conducted on anaerobic digestion of 
micropollutants (lab scale anaerobic digesters one at mesophilic (37 oC) and other at 
thermophilic range (55 oC), different SRTs of 6, 10 and 20 days, fed with a mixture of 
primary and biological sludge). They found that removal efficiencies were more than 
80% (initial spiking concentration was in the range of 4-400 µg/L) for all estrogens under 
both mesophilic and thermophilic conditions.  
Andersen et al. (2003) investigated the fate of natural and anthropogenic estrogens in a 
full scale treatment plant in Germany. They concluded that under methanogenic 
conditions, natural estrogens are not degraded (operational temperature at 33 oC, SRT of 
20 days, feed composed of primary and secondary sludge) and reported that, sorbed 
estrone concentration increased from 7 to 25.2 ng/gTSS from secondary to digested 
sludge, and dissolved estrone concentration increased from 1.4 to 67.1 ng E1/L from 
secondary to digested sludge. Holbrook et al. (2002) conducted a similar type of 
experiment on plant scale but went a step further by studying the estrogenic activity of 
the biosolids generated in the anaerobic digester of a full scale treatment 
plant(operational temperature at 35oC, HRT of 10 days, feed composed of primary and 
biological sludge). They found that estrogenicity expressed as E2-Equivalents (E2-
Eq/EEQ) activity increased from about 5600 to 11000 µg/ day during anaerobic 
digestion. 
Contradictory results obtained by Carballa et al. (2004) and Carballa et al. (2006) might 
be due to the nature of wastewater and the digestibility study scale. These studies clearly 
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corroborate the fact that estrogens are recalcitrant towards biodegradation by anaerobic 
digestion process. The work on anaerobic digestibility of estrogens in the last decade did 
not lead to a conclusion. Moreover, because of moderately high Kow of the estrogens, 
they partition onto biosolids, which may further aggravate the problem by leaching out of 
estrogens to ground or surface water. Therefore, comprehensive control studies are still 
required on anaerobic digestion of estrogens. 
2.5 Enhancing anaerobic digestion performance using pretreatments 
2.5.1 Pretreatment and its types 
Although anaerobic digestion is a preferred method of stabilization of primary and waste 
activated sludge over aerobic process due to its lower energy requirement, lower cost and 
moderate performance, (Appels et al. (2008)), it is a rather slow process due to the rate 
limiting step of cell hydrolysis (Tiehm et al. (2001)). Pretreatment not only helps in 
enhancing the digestion process by enhancing the rate of hydrolysis but also produces 
higher biogas and methane as well as more stabilized biosolids. Pretreatment techniques 
lead to destruction of microbial cell walls and release of intracellular material. The 
overall objective of this process is not only to remove organic material and water, thus 
reducing both volume and mass, but also to remove pathogens and remove biodegradable 
materials which reduce subsequent odor generation and pathogen vectors (USEPA). It is 
also envisaged that pretreatment of sludge may also enhance the biodegradation of highly 
recalcitrant compounds such as estrogens by breaking down parent molecule.  
The diagram below shows the usual points at which pretreatments are done:  
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Fig. 2.4 Wastewater treatment plant and pretreatment spots (Carrere et al. (2010)) 
As shown in Fig. 2.4, pretreatments can be made at various points such as in the aeration 
tank of the activated sludge process (T1), the return activated sludge (RAS) from 
secondary clarifier (T2), the primary sludge from primary clarifier (T3), the waste 
activated sludge (WAS) from secondary clarifier (T4) or the mixture of primary sludge 
and WAS (T5) and finally the recirculation loop of an anaerobic digester (T6). 
The major pretreatment methods are outlined in Fig. 2.5: 
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Fig. 2.5 Pretreatment techniques (Carrere et al. (2010)) 
These pretreatment methods have been discussed briefly below: 
2.5.2 Mechanical pretreatment 
2.5.2.1 Ultrasonication: 
Sonic waves which are above the human audible range of 20 kHz are classified as 
ultrasonic sound waves. The effect of ultrasonication on pretreatment of sludge is both 
mechanical and chemical: it disrupts the cell wall structure mechanically, while 
generation of radicals such as OH•, H•, HO2• which are favored at high frequencies 
induce chemical reaction with the sludge organics. 
Sonication of sludge leads to floc disintegration and microbial lysis, depending on power 
and duration of sonication (Chu et al. 2002). Although the energy required for cell lysis is 
very high (42 kJ/gTS), the inactivation of microbes has been observed to occur prior to 
cell lysis (Chu et al. (2002)). Threshold energy requirement was found to decrease with 
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increasing sludge solids probably due to enhanced cavitation bubble potential interaction 
with solids. Nevertheless, there is an optimal range of TS where sonication works best 
and it lies in the range of 2.3 to 3.2% TS (Show et al. (2007)). In another independent 
study, higher power (9 kJ/gTS) was more effective in sludge solubilization than longer 
treatment time for a given specific energy (Gronroos et al. (2005)).  
2.5.2.2 High Pressure 
In this method, sludge is pressurized to 900 bars and then the sludge goes through a 
homogenization valve under strong depressurization. This process has also been tested in 
full-scale anaerobic digestion (Carrere et al. (2010)). It was found that when a fraction of 
digested sludge was treated at 150 bar and then re-introduced into the digester, it led to an 
increase of biogas production by 30% with a reduction in sludge volume by 23% 
(Onyeche (2007)), although there was a decline in dewaterability of sludge (Barjenbruch 
and Kopplow (2003)). 
2.5.2.3 Lysis Centrifuge 
Lysis-centrifuge is directly applied on thickened sludge stream in a dewatering centrifuge 
(Dohányos et al. (1997)). Subsequently, it is resuspended with the liquid stream. This 
method has been implemented in several commercial full scale wastewater treatment 
plants in Europe for anaerobic digestion (Zabranska et al. (2006)). The increase of biogas 
production was observed to be about 15%–26%. 
2.5.2.4 Grinding 
In this method, the sludge is disintegrated by the use of stirred ball mills. It was observed 
that ball milling grinding was more beneficial on digested sludge (increase of batch 
biogas production by 60%) and on WAS (24% increase) than on activated sludge (Baier 
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and Schmidheiny (1997)). Kopp et al. (1997) found that grinding led to higher methane 
production (increase of 50%), indicating that anaerobic digestion was enhanced by this 
pretreatment. 
2.5.3 Thermal 
Thermal pretreatment dates back to 1978 when it was initially applied to improve 
dewaterability of sludge by Haug et al. (1978), as it facilitated degradation of the sludge 
gel structure and led to the release of trapped water. Sludge dewaterability improved after 
treatment at 150oC or 180oC (Anderson et al. (2002)). Additionally, it was also found that 
thermal hydrolysis leads to partial solubilisation of sludge, which further enhances 
anaerobic digestion (Bougrier et al. (2008)). Pressure associated with thermal 
pretreatment ranged from 600 to 2500 kPa (Weemaes and Verstraete (1998)). Although 
treatment time (30-60 minutes) was not found to have much effect at this temperature 
range (160oC-180oC) (Neyens and Baeyens (2003)). Dwyer et al. (2008) found that 
increasing temperature beyond 150 oC increased solubilisation, but no further increase in 
methane conversion was observed. It was postulated that because of the effect of Maillard 
reactions (a chemical reaction between an amino acid and a reducing sugar, usually 
requiring heat), involving amino acids and carbohydrates in the formation of 
melanoidins, which are almost impossible to degrade, treatments at very high 
temperatures (higher than 170oC) led to decreased sludge biodegradability instead of 
increasing it (Bougrier et al. (2008)). Another benefit of thermal hydrolysis is that it 
results in increasing the hydrolysis rate (Zheng et al. (2009)) and HRT could be 
decreased to about 3 days by feeding the digester with liquid phase of pretreated sludge 
(Graja et al. (2005). Dhar et al. (2012) reported that with thermal pretreatment of raw 
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WAS (50oC-90oC), the VSS reduction was enhanced by 25%-39% during anaerobic 
digestion. Dhar et al. (2011) also found that anaerobic digestion of raw WAS with 
thermo-oxidative pretreatment at 60oC, led to reduction of H2S and dimethyl sulfide by 
75% and 40% respectively, while CH4 production increased by 20%. Some thermal 
pretreatment processes such as Cambi process (Kepp et al. (2000)), and BioTHELYS® 
(Chauzy et al. (2008)) have been commercialized. Cambi process was tested for 3 years 
at full scale and a high degree of stabilization of around 60% in terms of rate conversion 
of COD into biogas was achieved by heating the sludge to 130oC-180oC for 30 minutes. 
BioTHELYS process was implemented in 2006 at the urban WWTP of Saumur, France 
and the results showed an increase of total solids removal from 25% to 45%, and 46% 
reduction of sludge volume compared to classical digestion. 
 2.5.4 Biological 
Biological pretreatment aims at anaerobic digestion enhancement by increasing the 
hydrolysis rate in an additional stage prior to main digestion process. Temperature phased 
anaerobic digestion (TPAD) process is the most widely used method; it uses a higher 
stage at either thermophilic (around 55 oC) or hyper-thermophilic (between 60 and 70 oC) 
conditions, which can be both anaerobic and aerobic (Carrere et al. (2010)). Some 
designs based on this method have been tested, which include short pretreatment prior to 
mesophilic digestion, dual digesters: thermophilic and mesophilic (Oles et al. (1997)), 
single stage digesters (Ferrer et al. (2010)) and temperature co-phase processes (Song et 
al. (2004)). Thermophilic conditions lead to an increase of organic solids destruction rate, 
which is mainly due to increase in hydrolytic activity. Ge et al. (2010) evaluated 
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thermophilic against mesophilic pretreatment prior to anaerobic digestion (HRT of 13–14 
days) for primary sludge and observed an increase of 25% on the methane production. 
2.5.5 Chemical 
2.5.5.1 Alkali and thermo-chemical pretreatments 
One of the most common chemical pretreatment is the alkali treatment (Kim et al. 
(2003)); although very high concentrations of alkali can negatively affect anaerobic 
digestion (Mouneimne et al. (2003)). Alkali pretreatment is mostly combined with 
thermal treatment as sludge solubilisation and anaerobic biodegradability increase with 
alkali dose and temperature as shown by Valo et al. (2004) who observed an increase in 
biogas production of 30% with temperature applied at 130oC and addition of 1.65 
gKOH/L. Compared to thermal hydrolysis (170oC), alkali treatment temperature is 
normally lower (120-130oC) than that of pure thermal hydrolysis (Carrere et al. (2010)). 
Alkali treatment in combination with microwave radiation, as pretreatments, showed a 
10% higher methane production than microwave alone (Dogan and Sanin (2009)).  
2.5.5.2 Oxidative pretreatment 
The most common method of oxidative pretreatment is ozonation. Ozonation not only 
helps in sludge solubilization but it also leads to an increase in methane yield, altough too 
high dosages showed a reduction in solubilization (Yeom et al. (2002)). It has been 
proven that there is an optimal dosage of ozone which leads to enhancement of anaerobic 
digestion (about 0.15 g O3 /g TS) (Bougrier et al. (2007)). Chu et al. (2009) published a 
review paper which dealt with commercial applications of ozone to activated sludge 
process. Ozonation in combination with anaerobic digestion has also been studied. It was 
shown that by post treatment and recycling back to digester, lower ozone consumption 
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was achieved (Goel et al. (2003)). H2O2 has also been tested as a pretreatment technique 
using mixed sludge (temperature at 37 oC), which showed a COD removal of about 50%, 
VSS removal of about 65% and biogas production enhancement of 16% (Valo et al. 
(2004); Rivero et al. (2006)).  
It is envisaged that if the estrogenic compounds are fragmented due to oxidative 
pretreatment, they will be better removed in anaerobic digestion. Carballa et al. (2006) 
reported about 90% removal of various PPCPs with mesophilic anaerobic digestion 
(mixed sludge, HRT of 30 days, thermal pretreatment of feed at 130oC for 60 minutes).  
2.6 Degradation of estrogenic compounds using AOPs in pure water 
 The most popular of all AOPs are O3, UV photolysis, UV/H2O2 and ultrasonication. O3, 
a strong oxidizer, have been used for estrogen degradation (Huber et al. (2003); Ternes et 
al. (2003); Deborde et al. (2005)). Ultraviolet (UV) irradiation is another oxidative 
process that is widely used for water disinfection (tertiary water treatment) and estrogens 
have been found to degrade appreciably well under UVC radiations (Atkinson et al. 
(2011); Liu and Liu (2004); Mazellier et al. (2008)). Infact, with H2O2 addition, it was 
found that the degradation of micropollutants increased (Rosenfeldt and Linden  (2004); 
Chen et al. (2007); Rosenfeldt and Linden (2007). Several recent studies on AOPs have 
confirmed the ability of processes like ozonation (Broséus et al. (2009)), photolysis 
(Broséus et al. (2009); Zhang et al. (2007)), and H2O2 promoted photolysis (Linden et al. 
(2007); Zhang et al. (2010)) to remove estrogens such as E1, E2 and EE2 in pure water. 
Fu et al. (2007) reported that with ultrasonication (pH= 7.0, initial concentration of 
estrogens = 10 µg/L, temperature=20oC, ultrasonic power density=2.1 W/mL), 
degradation of estrogens followed pseudo first-order kinetics. Suri et al. (2007) and Suri 
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et al. (2010) found that salinity increases degradation of estrogens with ultrasonication 
treatment (pH=7.0, power density=640 W/L, initial concentration of estrogens=10 µg/L, 
alkalinity from 0 mM to 120 mM). They also found that increasing the power density, 
increased estrogen degradation rates. Chowdhury et al. (2011) reported that E2 photolysis 
followed pseudo-first order kinetics and addition of NO3-, Fe2+, and humic acid increased 
photodegradation rate, whereas HCO3- decreased degradation. Huber et al. (2004) proved 
that the doses typically applied for the disinfection of drinking waters are sufficient to 
reduce the estrogenicity by a factor of  >200. 
2.7 Objectives of present research 
Based on literature review, it was found that most of the estrogenic compounds in 
wastewater partition onto biosolids, which ultimately undergo anaerobic digestion prior 
to final disposal. However, contradictory results exist on anaerobic digestibility of 
estrogenic compounds requiring control and comprehensive studies to determine the fate 
of these compounds in WWTP. In this study we attempt to answer two basic questions: 
Can we render estrogens more amenable to biodegradation in anaerobic digestion through 
pretreatment? Can advanced oxidation processes be successfully applied in real 
wastewater treatment plant for removal of these EDCs? This study attempts to address 
the two aforementioned questions using estrone (E1) and estradiol (E2) as the model 
compounds and various advanced oxidation processes such as sonication, O3, UV and 
H2O2 as pretreatment methods.   
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Chapter 3 
Anaerobic Digestibility of Estrogens in Wastewater Sludge: Effect of 
Ultrasonic Pretreatment 
3.1 Introduction 
Natural estrogens such as estrone (E1), 17-α, β estradiol (E2) and estriol (E3) (Figure 3.1) 
and synthetic estrogen such as 17-α-ethinylestradiol (EE2) are “emerging contaminants” 
and endocrine disrupting chemicals (EDCs). They have been detected in trace 
concentrations in surface waters mostly due to the effluents from conventional 
wastewater treatment plants, which are not designed for their removal (Andersen et al. 
(2003)). Ternes et al. (1999) reported 0.015 µg/L and 0.027 µg/L of 17β-estradiol and 
estrone, respectively in the effluents of wastewater treatment plant (WWTPs) (Andersen 
et al. (2003)). Estrogens were found to affect the regional fauna and induce hormonal 
changes in aquatic organisms such as male rainbow trout (Desbrow et al. (1998)). 
Besides wastewater effluents, natural estrogens had been detected in considerable 
amounts in anaerobically digested biosolids generated from WWTP (Citulski and 
Farahbaksh, 2010). With low Henry’s constants (e.g., 3.8 x 10-10 atm m3/mol for E1) and 
high log Kow values (3.13 for E1, 4.01 for E2, and 2.45 for E3 (Lai et al. (2000); Hansch 
et al. (1995)) estrogenic compounds adsorb on the solid fractions of wastewater and 
accumulate on the primary sludge (PS) and waste activated sludge (WAS).  
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Figure 3.1 Natural estrogens: a) Estrone (E1), b) 17β- Estradiol (β-E2), c) Estriol (E3),  d) 
α-Estradiol (α-E2) 
 
Anaerobic digestion is one of the most economically viable stabilization processes to 
treat PS and WAS prior to their disposal or further use. With significant amount of 
nutrients present, land application of digested sludge is becoming more common in many 
countries around the world (Apedaile (2001)).  However, the presence of recalcitrant 
compounds such as natural estrogens in biosolids may restrict their land application. 
Studies conducted on the anaerobic digestibility of estrogens so far have yielded 
contradictory results. For example, Carballa et al. (2006) reported 85± 10% removal of 
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estrone+17-β estradiol, and ethinylestradiol at influent concentrations ranging from 4-400 
µg/L in a pilot scale anaerobic digester operated at sludge retention times of 20 and 10 
days at mesophilic and thermophilic conditions respectively. Contrary to the above, 
Czajka and Londry (2006) observed no anaerobic degradation of EE2 added at 5 mg/L 
over an incubation period of 3 years in a lab scale study. These authors also observed 
reversible inter-conversion between E1 and E2 and racemization of E1 into 17α-estradiol, 
a stereo isomer of 17β- estradiol with 30 times less estrogenic activity (Huang et al. 
(2010)). It was also reported that estrogens have the potential to be recalcitrant in anoxic 
sediments (Czajka and Londry (2006)) ; de Mes et al. (2008) did not observe any decline 
in E1, E2 (spiked initial concentration of 5 mg/L) in an upflow anaerobic sludge blanket 
(UASB) system, digesting pig manure, and activated sludge after 45-205 days of 
incubation. The contradictory findings in literature indicate that the anaerobic 
digestibility of estrogens under controlled conditions instead of pilot scale, merits further 
investigation. 
Many pretreatment methods such as chemical addition (alkaline and acidic), thermal, 
mechanical, ultrasonic, or the combination of different pre-treatment methods had been 
studied to improve anaerobic digestion by enhancing COD solubilization, solids 
destruction, and biogas production (Aldin et al. (2010)). Ultrasonication has been 
demonstrated to improve VS reduction (38% to 50%), gas production, and dewaterability 
of anaerobic sludges in full scale studies (Hogan et al. (2004)). Improvement in the 
anaerobic digestibility using ultrasonication is attributed to particle disintegration and 
solubilization of complex organic matter (Tiehm (1999)). Researchers have also 
investigated the effects of ultrasonication on environmental pollutants such as 
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chlorobenzene, 4-chlorophenol, benzene, ethylbenzene and styrene (Petrier et al. (1998); 
Ragaini et al. (2001); Goel et al. (2004)), 2 chlorophenol and tri-halomethanes (Shemer 
and Narkis (2005)). Tiehm (1999) reported an enhancement in biodegradation of 
sonochemical products of phenanthrene and naphthalene via their transfer to the aqueous 
phase. Sonication produces extreme chemical and physical environment by implosion of 
cavitation micro-bubbles, which degrade complex molecules either by thermal 
disintegration or by reaction with hydroxyl radicals, or by the combination of both. Our 
previous research had shown the beneficial effects of ultrasonic pretreatment on 
anaerobic digestion of primary and waste activated sludge and hog manure (Aldin et al. 
(2010); Elbeshbishy et al. (2011)). The presence of optimum ultrasonication energy based 
on total suspended solids concentration of the sludge, beyond which the beneficial effect 
of ultrasonication was not economically viable, was indicated. Although, ultrasonic and 
advanced oxidative degradation of E1 in pure water was earlier reported by Cui et al. 
(2010) and Suri et al. (2007), an extensive literature search indicates that no studies were 
conducted on the effect of ultrasonic pretreatment on anaerobic digestibility of estrogenic 
compounds.    
The objective of the present work is to determine the fate and anaerobic digestibility of 
estrogenic compounds in various types of sludge such as primary sludge (PS), waste 
activated sludge (WAS), and anaerobically digester sludge.  Estrone (E1) and 17β-
estradiol (E2) are chosen as the model estrogenic compounds. E1 is a secondary 
metabolite of E2, and E2 has the highest estrogenic potential amongst the natural 
estrogens.  Both are poorly removed in conventional wastewater treatment plant (Khanal 
et al. (2006)).  In addition, the effect of earlier optimized ultrasonication dosage (Aldin et 
52 
 
 
al. (2010); Elbeshbishy et al. (2011)) on the anaerobic digestion of E1 and E2 is 
characterized in this work. Anaerobic digestion of E1 and E2 has been conducted using 
PS, WAS and anaerobic digester sludge and the concentrations of E1, E2, and estriol (E3) 
are monitored during digestion. In addition, the estrogenicity of the digested samples was 
determined by YES assay as described by Routledge and Sumpter (1996).  
3.2 Materials and methods  
Estrone (E1), 17-β estradiol (E2), and estriol (E3) were obtained from Sigma Aldrich 
(Oakville, ON, Canada) with 98% purity. All organic solvents such as acetone (distilled-
in-glass grade), methanol (distilled-in-glass grade), ethyl acetate (HPLC grade) and 
dichloromethane (HPLC grade), mirex (internal standard) were obtained from Caledon 
Laboratories (Georgetown, ON, Canada). Derivatization agents N, O-
Bis (Trimethylsilyl) trifluoroacetamide (BSTFA) and pyridine were obtained from 
Supelco (Oakville, ON, Canada) and Caledon Laboratories (Georgetown, ON, Canada), 
respectively. Ultrapure water (conductivity of 18Ω) was obtained from Millipore water 
systems (Billerica, MA). Supelclean™ ENVI-18 SPE cartridge (from Sigma Aldrich, ON, 
Canada) tube with bed wt of 500 mg with a volume of 3 mL was used for extraction of 
estrogen.  
PS and WAS were collected from the Adelaide Pollution Control plant located in London 
(ON, Canada) and stored at a temperature of 4oC prior to use. Anaerobic inocula digester 
sludge) was collected from the primary anaerobic digester at the St Mary’s (Ontario, CA) 
wastewater treatment plant.  
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Analytical methods  
All water quality parameters were analyzed according to the standard APHA methods 
(APHA 1998). Soluble parameters were analyzed after filtering the samples through 0.45 
µm membrane filters. HACH vials were used to measure the total and the soluble 
chemical oxygen demand (TCOD and SCOD) in a HACH reactor), while pH and ORP 
were measured using Oakton pH meter and ORP meter (Eutech instruments, IL, USA), 
respectively. Biogas production was measured by releasing gas pressure in the vials using 
glass syringes (Perfektum; Popper and Sons Inc. NY, USA) to equilibrate with the 
ambient pressure (Owen et al., 1979). Biogas composition was determined by a gas 
chromatograph (Model 310, SRI Instruments, Torrance, CA) equipped with a thermal 
conductivity detector (TCD) and a molecular sieve column (Molesieve 5A, mesh 80/100, 
182.88x0.3175 cm) 
Solid phase extraction (SPE) was used to extract E1 and E2 for analysis in water. The 
digested sludge samples were centrifuged at 4000 g for 10 minutes (Sorvall RC 5B 
Superseed Centrifuge, DU Pont Instruments, and USA). The samples were then filtered 
through 0.45 µm glass microfiber binder free filter papers (Whatman, GE Health care, 
USA), sequentially. The filtrate was passed through Envi18 SPE cartridges at an 
optimized flow rate of about 1 mL/min. The SPE extract was concentrated (Turbo Vap II, 
Caliper Life Sciences, MA, and USA) under a gentle stream of nitrogen at 45oC and 11-
12 psi. The extracted sample was subjected to solvent exchange with dichloromethane 
(DCM) and concentrated further to 0.5 ml, which was reconstituted to 1 ml using DCM, 
and used for derivatization (described later) prior to injection in the GC-MS. The 
recovery from the SPE cartridges was determined by direct injection of the known mass 
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of estrogenic compounds in stock solution after solvent extraction and derivatization and 
comparing the response ratios with and without the SPE cartridges.  The recovery varied 
from 67%-80% depending on the sample flow rate of 1-4ml/min, with the highest 
recovery occurring at 1 ml/min.   
The solids of the sludge samples were extracted using Soxhlet extractor. The solid phase 
was frozen (-20oC) for 1 day, and then it was lyophilized for 48 hours to remove moisture 
in the solids. About 150 ml of ethyl acetate with 4-5 reflux cycles/hour was used for 
extraction of the organics from solids for 16-18 hours. The extract was concentrated 
using the same method applied for aqueous samples as described earlier. Ethyl acetate 
was exchanged with dichloromethane and the subsequent sample preparation steps were 
similar to aqueous phase concentrate.  
 Prior to GC-MS analysis, 100 µL of BSTFA and 50 µL of pyridine were added to the 
vial. The samples were incubated at 550C for 30 minutes in an oven (ED 53-LL, Binder, 
Tuttingen, Germany). Analysis was performed using a gas chromatograph (GC-2010, 
Shimadzu) coupled with a quadrupole mass spectrometer (GCMS-QP2010S, Shimadzu) 
equipped with an auto injector (AOC-5000, Shimadzu). Chromatographic separation was 
achieved using a BPX50 (50% phenyl polysilphenylene-siloxane) type capillary column 
of 30 m × 0.25 mm i.d. (film thickness of 0.25 µm) obtained from SGE (Austin, TX). 
Helium was used as the carrier gas at a column flow rate of 1.5 ml/min. The injector 
temperature was maintained at 320oC. The mass spectrometer was operated in selected 
ion monitoring (SIM) mode with positive ionization by electron impact (EI). The ion 
source and interface temperatures were maintained at 250oC and 320oC, respectively with 
detector voltage relative to the auto tuning. The retention times for internal standard 
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mirex, E3, E2, E1 were 20.7, 21.1, 21.8, and 22.9 minutes, respectively. The detection 
limit for all estrogenic compounds was 5 µg/L(0.005 ppm).  
Estrogenic activity was determined using the YES assay as described by Routledge and 
Sumpter (1996).  A recombinant yeast strain (Saccharomyces cerevisiase) was obtained 
from Trojan UV (London, ON, Canada).  A concentrated yeast stock was maintained in 
cryogenic vials at -80ºC. Overnight cultures were grown in an orbital shaker (28°C, 180 
rpm, InforsHT, Switzerland) to an approximate turbidity of OD600 ≈ 1 (Evolution 60S, 
Thermo Scientific, Ottawa, ON). The assay was conducted in 96 well plates (Corning, 
NY). E2 being the most estrogenic of all natural estrogens, it was used as a standard (12 
dilutions of E2 in the range 24.41-50,000 ng/L. Samples (solid and liquid phase) were 
extracted as described above, followed by a final solvent exchange to methanol. A 
dilution series of each sample in methanol (2 fold dilutions) was created and 10 µL of 
each dilution was added to a well. The methanol was allowed to fully evaporate and 200 
µL of assay media (growth medium containing chlorophenol red-β-D-galactopyranosid 
(CPRG) and recombinant yeast) was added. The plates were sealed with sterile adhesive 
film and shaken vigorously for 2 min in a plate shaker (12620-926, VWR, Mississauga, 
ON) followed by 3 days incubation at 30°C in a naturally ventilated heating cabinet. 
After the incubation, the plates were shaken at 240 rpm for 2 min, and left for 
approximately 1 hour to allow the yeast to settle. The conversion of CPRG was 
quantified via absorbance measurements at 540 nm and corrected for yeast absorbance at 
620 nm (Tecan Infinite 200 PRO, Switzerland).  
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The obtained absorbance data for each dilution series was plotted against the E2 
concentration (standard curve) or the dilution factor (samples). The resulting sigmoidal 
dose response curve was fitted with the following equation (Huber (2004)):   
………………………………(3.1) 
The fitting parameters a, b, EC50 and m represent the baseline response, the maximum 
response, the concentration corresponding to half-maximal response and the Hill slope. 
The independent variable c is either the concentration [µg/L] (standard curve) or the 
dilution factor [-] (samples). Estrogenic equivalent concentrations EEQ [µg (E2)/L] for 
each sample were calculated by dividing EC50 of the standard curve [µg/L] by the EC50 
of the sample [-].  
A comparison of YES with GCMS analysis was conducted comparing 17β-estradiol (E2) 
equivalents (EEQs) in the YES assay versus the actual concentrations measured by the 
GCMS. These tests were conducted with known concentration of E2 dissolved in 
methanol and then diluted in mili-Q water in the concentration range of E1 and E2 at 5-
50 µg/L (concentration range tested in anaerobic digestion). There is a linear relationship 
between the EEQ and the GCMS response with the original concentration as shown in 
Figure 3.2, and the EEQs are always within 80% of the original concentration.    
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Figure 3.2 Comparison of YES assay with the GCMS analysis using β Estradiol (E2). 
(GCMS data were the average of two samples) 
 
3.4. Experiment 
Adsorption study  
The background concentration of estrogenic compounds in PS, WAS, and digested 
sludge could not be determined within the detection limit of 0.005 ppm (5 µg/L) of the 
GCMS. The characteristics of PS, WAS, and digested sludge are shown in Table 3.1. 
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Table 3.1: Wastewater Characteristics of Different Sludge 
 
 
 
 
 
 
 
 
 Batch adsorption studies of E1 and E2 on different sludge were conducted individually. 
About 200 ml of sludge was spiked with 5-50 µg/L of either E1 or E2, and was stirred at 
200 rpm for 20 hours on magnetic stirrer bar plate (Henry Troemner LLC, USA). 
Samples were collected at regular intervals of 10 min, 30 min, 1 hr, 5 hrs and 20 hrs to 
determine the adsorption kinetics. Control adsorption studies were conducted with sludge 
treated thermally at 80oC for 45 minutes to inactivate the sludge to eliminate the effect of 
any biodegradation, if there is at all, on adsorption. Heat treatment denatures the 
ribosome of microorganism inhibiting biological activity of the sludge (Lee et al. (2002)). 
All the experiments were conducted in duplicates.  
Ultrasonication pre-treatment 
A lab scale horn type sonicator (Sonics, Vibra Cell USA) with an applied frequency of 20 
KHz and rated power 0.75 kW was used as the sludge pretreatment device. Initially, 
ultrasonic degradation kinetics of E1 and E2 were conducted individually in a beaker 
with a magnetic stirrer, containing 200 mL of ultrapure water spiked with E1 or E2, each 
Type of Sludge TSS (g/L) VSS (g/L) TCOD (g/L) SCOD (g/L) 
Anaerobically 
digested sludge (seed) 10.69±0.75 7.86±0.50 9.890±0.800 0.19±0.02 
Primary sludge (PS) 27.69±0.85 23.65±0.40 40.52±0.70 10.15±0.40 
Waste activated 
sludge (WAS) 9.5±0.4 6.1±0.3 10.5±0.4 1±0.12 
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at a concentration of 200 µg/L. Four different sonication energies of 360, 720, 1440 and 
2800 kJ/L were used for these experiments. For the anaerobic digestion of ultrasonic 
pretreated estrogenic compounds, 200 mL of sludge was spiked with 2.5 µg (12.5 µg/L) 
of E1 or E2 individually and was sonicated for ~1 minute corresponding to a specific 
sonication energy (SSE) of ~4.6 kJ/gTSS (500 kJ/L). This time/energy dose was based on 
our earlier study (Aldin et al. (2010)) on the effect of sonication on anaerobic digestion 
and had been found to be economically viable due to 25%-30% higher biogas production. 
Anaerobic batch digestion 
Sacrificial batch mesophilic anaerobic digestion was conducted in 250 ml serum bottles 
(Wheaton Science Products, Lawrence, KS, USA) using PS, WAS, and digester sludge 
(seed). The bottles were subjected to mechanical agitation at a speed of 180 rpm (MaxQ 
4000, Thermo Scientific, Fremont, CA) and maintained at a mesophillic temperature of 
37oC. The experiments were conducted in duplicate, with regular monitoring of the 
amount and composition of produced biogas.  
Initially, studies were conducted to assess the anaerobic digestibility of sonicated E1 and 
E2 using 1:1 v/v mixture of anaerobic digester sludge as inocula and sonicated E1 or E2 
in pure water (about 12.5 µg/L) in 250 ml bottles. Control digestion was conducted using 
non-sonicated E1 or E2. These experiments were conducted under food-starved 
conditions as there was no additional carbon source other than the seed (digester sludge); 
the characteristics of the seed are shown in Table 3.1. In the next phase, E1 or E2 (12.5 
µg/L) spiked and sonicated (500 kJ/L) PS and WAS were incubated with the anaerobic 
consortium of microorganisms (seed) at So/X ratio of 4 gCOD/gVSS (So/X = substrate/ 
microorganisms) in 250 ml bottles with 50 ml headspace. The control digestion was 
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conducted with unsonicated sludge spiked with 12.5 µg/L of E1 or E2 and incubated with 
seed (So/X ratio of 4).  
3.5. Results and Discussion 
Mass Balance of Estrogenic Compounds 
Mass balance of estrogenic compounds in aqueous and solids phases was conducted to 
determine the accuracy of the experiments. A total of 12 samples in each phase were 
analyzed. For 0.0025 mg (2.5 µg) of spiked E1 and E2, about 0.00183±0.000058 mg E1 
and E2 were found in solids, and 0.000393±0.000012 mg was found in water, with an 
average recovery of 88±3% of the total mass injected.   
Batch adsorption  
Adsorption studies were conducted to determine the extent of partitioning of E1 and E2 in 
PS, WAS and digester sludge (seed). Typical batch adsorption data shown in Figure 3.3 
indicate rapid adsorption of E1 on different sludge as the equilibrium was established 
within an hour. Adsorption data were fitted in Freundlich isotherm ( =  × 	
 ) using 
the nonlinear regression program of Sigma Plot 11.0 (2008, Systac Software Inc. 
California, USA). The Freundlich isotherm of E1  ( ) = 1.94 
.   on WAS 
obtained in this work compared well with that of Ren et al. (2007), who used heat treated 
WAS for adsorption. A maximum difference of 12% occurred between the experimental q 
and the theoretical q predicted by Ren et al. (2007). The corresponding isotherm for E2 on 
WAS is    = 32.39 
.
. Our experiments indicate that equilibrium adsorption of 
E1 in WAS, and digested sludge (seed) did not vary significantly. The lower adsorption on 
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heat treated sludge shown in Figure 3.3 is due to the reduction of TSS due to heat 
treatment. Thermal treatment of WAS at 80oC for 45 minutes led to 18±3% VSS 
destruction, thereby reducing the adsorption sites. Contrarily, adsorption on PS was much 
higher; the equilibrium solid/liquid mass ratios of E1 in PS and WAS are 12.5±1.36 and 
4.49±0.17, respectively. This indicates much greater adsorption affinity of E1 and E2 to 
PS solids. 
 
Figure 3.3: Batch adsorption of E1 in different waste activated sludge 
(Initial concentration of E1= 50 µg/L; TSS =10.493±0.91 g/L) 
 
 The equilibrium solid/liquid mass ratios of E2 on WAS were 7.38±0.39 showing higher 
adsorptivity of E2 on WAS compared to E1. This is reasonable as the log Kow values for 
E1 and E2 are 3.42 and 3.94, respectively. An average of 1.64 times increase in adsorption 
of E2 on WAS could be seen compared to E1, instead of a theoretical increase of 3.23 
based on Kow values. Organic content of the sludge will make a difference, which is 
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probably the reason for much higher adsorptivity of E1 and E2 on PS. As can be seen in 
Table 3.1, the average VSS/TSS of PS was 0.85, compared to 0.65, and 0.73 for WAS and 
digested sludge, respectively. Previously, Petrasek et al. (1983) also had reported much 
higher concentration of various hydrophobic micropollutants in primary sludge compared 
to waste activated sludge. In a recent study, involving a 2-year long sampling conducted in 
three wastewater treatment plants of various sizes around Rome, indicate that primary 
sludge was consistently more polluted than secondary sludge in terms of organic 
micropollutants (Gianico et al. (2013)). 
Pretreatment by ultrasonication 
Initially, ultrasonic degradation of E1 and E2 was conducted in ultrapure water using 
different sonication dosages, and the results are shown in Figure 3.4.  
 
Figure 3.4: Ultrasonic degradation of E1 and E2 in pure water and primary 
sludge (initial concentration of E1 and E2 = 200 µg/L).  
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The initial concentration of E1 and E2 in ultrapure water was 200 µg/L. Both E1 and E2 
degraded proportionally in water with increasing sonication energy. Ultrasonication in 
water is an advanced oxidation process as hydroxyl radicals are produced due to the 
implosion of the cavitation bubbles. Ultrasonication of E1 and E2 will cause rupture of 
the aromatic rings and formation of the intermediate oxidized compounds and complete 
mineralization at the end (Belgiorno et al. (2007)). Some intermediates of E1 and E2 
were found in the GC-MS, which were not identified. E1 and E2 showed comparable 
rates of degradation during sonication. The rate of ultrasonic degradation of E1 and E2 
was not affected significantly when sonication was conducted in the PS and WAS as can 
be seen in Figure 3.4. On the other hand, at the lowest ultrasonic dosage VSS of the PS 
and WAS decreased by 22±3%, 10±0.6, and SCOD increased by 15±2.5%, and 20±0.5, 
respectively due to solubilization of complex organics as reported earlier (Aldin et al. 
(2010)). 
Anaerobic batch digestion of E1 and E2: Biodegradation of E1 and E2 with 
Anaerobically Digested Sludge (seed) 
The results of control and sonicated E1 and E2 (individually) digestion using anaerobic 
digester sludge (seed) are shown in Figures 3.5a and 3.5b, respectively.  
64 
 
 
 
Figure 3.5a: Batch anaerobic digestion of untreated and ultrasonic 
pretreated estrone (E1) in digester sludge. 
 
Ultrasonication decreased the initial mass of E1 and E2 by 20% in the sonicated digester 
as compared to control digester, however, there was no further decrease in E1 and E2 
during digestion process both control and sonicated. In both cases, there is essentially no 
biodegradation of E1 and E2 by the anaerobic microbial consortium, and the mass of E1 
and E2 remained constant in both solid and liquid phases. On Day 5 of the anaerobic 
digestion of E1, E2 mass started to appear in the liquid phase, and remained constant till 
Day 25, constituting about 46%-50% of the total mass of estrogens in liquid (Figure 3.5a). 
The presence of E3 was not detected in any case. The transformation of E1 to E2 is due to 
the reducing condition of the sludge, and not due to biodegradation. Comparing the solid 
and liquid concentration, it was found that the same Freundlich isotherm equation 
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   = 1.94 
.
  determined earlier in batch adsorption could be used to describe 
the adsorption of E1 on the solids indicating no change in the surface characteristics of the 
biosolids during digestion. While, there was no biodegradation of the estrogenic 
compounds in the batch digestion, about 6-11% reduction in VSS, and 50-52% reduction 
in SCOD occurred in the digester. About 51.5±0.7 ml of methane was produced in both 
cases, which is equivalent to about 260 ml CH4/gCOD. This slightly lower yield of gas 
production is reasonable for the digested sludge.   
 
Figure 3.5b: Batch anaerobic digestion of untreated and ultrasonic pretreated 17β-
estradiol (E2) in digester sludge. 
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values of the control and sonicated samples, which were 0.0467 mg/L and 0.0382 mg/L, 
respectively, which also shows corresponding 20% reduction. Although, no background 
E1 and E2 could be detected in the digested sludge, the background estrogenicity of the 
sludge was measured to be 0.00046 mg/L (0.46µg/L). Spiking 12.5 µg/L of E1 the EEQ 
value of the sludge increased to 0.0048 mg/L from 0.00046 mg/L. It should be noted that 
the YES assay typically produces 20% lower EEQ values for pure water samples as shown 
in Figure 3.2. Taking the overall recovery of 88% for both the liquid and solid samples, 
the initial EEQ should have been 0.008 mg/L (8 µg/L) for the spiked sample; however it 
shows a systematic 40% lower value in the wastewater sludge samples. The EEQ values 
from the control and sonicated E1 digesters are shown in Figure 3.6.   
 
Figure 3.6 Estrogenic equivalence of anaerobically digested sludge spiked with E1. 
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As can be seen that estrogenicity of both control and pretreated digesters did not decrease, 
rather both the digesters showed increased estrogenicty due to the formation of E2. Since 
E2 is about 2.3-3.2 times more estrogenic than E1 (Thorpe et al. (2003)), this increase in 
overall estrogenicity during digestion is realistic. In addition, we experimentally compared 
the EEQs of E1 with E2 in ultrapure water; E2 consistently showed an average of 
4.55±1.3 times higher value than E1. Comparing the control and sonicated digesters’ 
EEQs, it can be seen that the estrogenicity of the control increased by 4.37 times 
compared to 3.5 times of the sonicated samples, about 20% decrease. This advantage of 
sonication is solely due to the initial 20% degradation of E1 prior to digestion, and no 
further decrease could be seen in the digester. Due to the complex matrices of wastewater 
samples, a degree of fluctuation in YES data can be seen in Figure 3.6, but the overall 
trend of increasing estrogenicity is quite convincing.  
Batch digestion with primary sludge (PS)  
Due to high concentration of lipids in primary sludge, sample preparation prior to analysis 
was complicated due to frequent clogging up of the SPE cartridges; and this causes greater 
fluctuations in the PS digester data as shown in Figure 3.7. 
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Figure 3.7: Batch anaerobic digestion of control and ultrasonic pretreated 
E1 in primary sludge (PS). (Total mass included both solid and liquid phase E1) 
 
Ultrasonication of E1 in the pretreatment step has contributed to the initial decrease of 
22% of E1 in the primary sludge. The beneficial effect of ultrasonication of primary 
sludge can be seen in Figure 3.8 where 28% more methane was produced in the sonicated 
sludge than the control as reported earlier by Elbeshbishy et al. (2011); about 350 ml 
CH4/gCOD was produced.    
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Figure 3.8: Methane production in the control and sonicated primary 
sludge (Each point is the average of two duplicate experiments). 
 
As with the digested sludge, E2 was produced during the anaerobic digestion of E1 in PS. 
As before, EEQ values of the control and pretreated digested samples increased from 
0.004 ± 0.0008 mg/L to 0.0196±0.00226 showing there is no overall decrease of the 
estrogens in the digested sludge.   
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The sonicated and E1 (50 µg/L) spiked WAS various sonication doses was incubated with 
the anaerobic consortium of microorganisms (seed) at So/X ratio of 4 gCOD/gVSS (So/X = 
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maximum around lower SRT of 10-15 days (Elbeshbishy et al. (2011)). It can be seen in 
Figure 3.9 that immediately after sonication the aqueous phase E1 concentration increased 
from 2 µg/L to 6 µg/L and remained more or less constant thereafter, while the aqueous 
phase concentration of E1 remained stable around 2 µg/L for the control digester.  
 
Figure 3.9: Aqueous phase concentration of E1 in control and sonicated 
waste activated sludge (WAS) (Each point is the average of duplicate 
experiments). 
 
 This slight increase in the aqueous phase in sonicated sample is due to desorption of E1 
from the solid phase and also due to destruction of VSS due to sonication, which 
decreased the number of adsorption sites. The aqueous concentration of E1 remained 
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pretreated samples with higher sonication dosages also did not show any improvement in 
biodegradation of E1 (Figure 3.10). 
 
Figure 3.10: Removal of E1 from aqueous phase due to sonication and 
subsequent adsorption on WAS. (Each point is the average of duplicate 
experiments). 
With higher ultrasonic dosage, the initial concentration of E1 in the sonicated sample 
decreased but there was no effect on anaerobic digestion of E1. The high overall removal 
from the aqueous phase is due to adsorption on the biosolids. 
3.6 Conclusions 
Anaerobic digestion of estrogens in three types of sludge was conducted with the 
following conclusions.  
• There was no anaerobic digestion of estrogenic compounds under any 
circumstances, and the estrogenicity of the sludge measured by YES assay 
increased during digestion.  
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• E1 is partly reduced to E2, which increased the estrogenicity of the sludge due to 
higher estrogenicity of E2. No E3 was found in the sludge during anaerobic 
digestion of E1 and E2. 
• Ultrasonication pretreatment reduces the estrogen burden for the digester due to 
advance oxidation, but no further removal of the estrogens occurred in the 
digester.   
• Most of the estrogenic compounds partition into sludge and remains there during 
digestion.  
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Chapter 4 
 
Degradation of Estrone in Water and Wastewater by Various Advanced 
Oxidation Processes 
4.1 Introduction 
Endocrine disrupting compounds (EDCs) are one of the most important categories of 
emerging contaminants that pose a serious threat to not only aquatic organisms but also 
terrestrial health (Clara et al. (2005)). Scientific research indicates that these compounds 
when present in the environment even at low concentrations may severely interfere with 
the normal functioning of the endocrine system of both humans and wildlife by: (i) 
mimicking and/or antagonizing the effect of endogenous hormones; (ii) disrupting the 
synthesis and metabolism of endogenous hormones, or (iii) disturbing the synthesis of 
particular hormone receptors (Caliman and Gavrilescu (2009); Roy et al. (2009)). As it is 
difficult to predict the magnitude of risks imposed on living beings due to their presence 
in the environment, there is a growing global concern about these EDCs.  
Of all EDCs, both natural and anthropogenic estrogens pose significant threat to aquatic 
systems. Natural estrogens such as estrone (E1), 17β-estradiol (E2), estriol (E3), and the 
synthetic estrogen, 17α-ethinylestradiol (EE2), are most commonly found in water and 
wastewater (Racz and Goel (2010); D'Ascenzo et al. (2003)). These hormones are 
discharged in the environment through both animal waste disposal and sewage discharge. 
Servos et al. (2005) reported the presence of both E1 and E2 in 18 Canadian wastewater 
treatment plants (WWTPs) and found an average of 47% reduction in estrogenicity of 
secondary effluent, as assessed by the in vitro yeast estrogen screening (YES) bioassay. 
Furthermore, Desbrow et al. (1998)) reported the presence of E1 and E2 in 7 British 
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WWTPs effluents. Routledge et al. (1998) studied the estrogenic effect on fish in vivo 
and concluded that environmentally relevant concentrations of natural estrogens were 
sufficient to account for the levels of vitellogenin synthesis observed in fish leading to 
feminization of male fishes. Several other cases have been reported for the presence of 
E1, E2 and EE2 in several WWTPs worldwide (i.e. Germany, Canada and Brazil (Ternes 
et al. (1999); Italy (Baronti et al. (2000)). According to D'Ascenzo et al. (2003), the 
quantity of E1 discharged into receiving waters was more than 10 times than that of E2 
and even higher than EE2. These findings lead to two conclusions; first of all, most 
WWTPs are not designed to remove the estrogens from wastewater (Leech et al. (2009); 
Liu et al. (2009)) and, secondly, among all estrogens, E1 is by far the most prevalent 
endocrine disruptor in the environment (D'Ascenzo et al. (2003)) due to its higher 
concentration. Czajka and Londry (2006) found that under certain conditions (anaerobic) 
E1 undergoes biotransformation to form E2. In spite of its environmental prevalence, E1 
has not been studied extensively compared to E2 and EE2 (Nakonechny et al. (2008)). 
With moderate water solubility at 13 mg/ L (Ying et al. (2002); Petrovic et al. (2007))and 
an intermediate log Kow of 3.43 ( as shown in Table 4.1), E1 has the potential to remain 
partly in water and mainly on wastewater biosolids. Because of its low vapor pressure, 
volatility of E1 can be neglected. 
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Table 4.1: Physicochemical properties of estrone 
Molecular formula C18H22O2 
Molecular 
structure 
 
Molecular weight  
(g/mol) 
270.4 
Vapor pressure 
(mm Hg) 
2.3 x 10-10 
Water solubility 
(mg/L @ 20oC) 
13 
log Kow 3.43 
Henry’s law 
constant  
(Pa m3/mol) 
6.2x10-7 
 
Since estrogens cannot be removed by traditional wastewater treatment methods (Ternes 
et al. (1999)), additional treatments are required to remove them from the final effluent 
for disposal in aquatic systems as well as for recycling of wastewater effluents. 
Advanced oxidation processes (AOPs) have gained sustained interests for the removal of 
organics including emerging micropollutants such as pharmaceuticals and personal care 
products in various aqueous matrices. This can be estimated from the fact that atleast 50 
journal papers have been published between 2006-2008, of which more than 62% studies 
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were conducted on photocatalysis and ozonation (Klavarioti et al. (2009)). AOPs are 
known to produce highly reactive species such as hydroxyl radicals (OH•), reactive 
oxygen ( ! )species, and superoxides in-situ expedient for degrading highly recalcitrant 
organic compounds. Several recent studies on AOPs have confirmed the ability of 
processes like ozonation (Broséus et al. (2009)), photolysis (Broséus et al. (2009); Zhang 
et al. (2007)), and H2O2 promoted photolysis (Linden et al. (2007); Zhang et al. (2010)) 
to remove estrogens such as E1, E2 and EE2 in pure water. Although, all of the tested 
AOPs were able to remove estrogens from water effectively, their comparative 
performance was never evaluated to determine the applicability of the tested AOPs for 
large scale water treatment.   
While AOPs can degrade the parent estrogenic compounds, they can also produce 
harmful transformation or by-products due to their potential reactivity with water matrix 
components and the intermediates of parent compounds, which may have the same or 
higher estrogenicity as compared to the parent compound. Therefore, it is necessary to 
assess the estrogenicity of the final effluent before discharging it to natural environment 
(Bila et al. (2007); Kim et al. (2007); Lee and Gunten (2008); Shappell et al. (2008)).  
Based on the above, the objectives of this work are to evaluate commonly used AOPs 
such as ozonation, UV, UV/H2O2 and their various combinations for E1 removal, 
determine the estrogenicity of the effluents at different level of treatments and perform a 
cost comparison for the AOPs applied. These AOPs are commonly used for disinfection 
of water in both drinking and wastewater and can easily be retrofitted for micropollutant 
removal.  In addition to the determination of estrogenicity of the treated samples, extent 
of mineralization of E1 for different AOPs was quantified tracking total organic carbon 
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(TOC). Detailed cost estimation was conducted for an assumed flow rate of 1000 L/min. 
Finally, on the basis of maximum E1 removal, lowest estrogenicity and minimal cost, the 
best AOPs were proposed. Subsequently, these AOPs were further applied to treat E1 
spiked in secondary effluent from a local wastewater treatment plant.  
4.2 Experiment 
4.2.1 Materials and reagents 
Estrone (MW: C18H22O2, CAS registry number: 53-16-7) of 98% purity was obtained 
from Sigma-Aldrich (Oakville, Ontario, Canada) and used without further purification. 
HPLC grade acetonitrile (AcN) and reagent grade dichloromethane (DCM) were 
purchased from Caledon Chemicals (Georgetown, ON, Canada). 33% hydrogen peroxide 
(H2O2) was obtained from VWR International (Mississauga, ON, Canada) and diluted to 
desired concentration with MiliQ water. Derivatizing agents N, O-Bis 
(Trimethylsilyl)trifluoroacetamide (BSTFA) and pyridine were obtained from Supelco 
(Oakville, ON, Canada) and Caledon Laboratories (Georgetown, ON, Canada), 
respectively. Mirex internal standard was obtained from Sigma Aldrich (Oakville, ON, 
Canada). Ultrapure (MiliQ) water (conductivity of 18Ω) was obtained from Millipore 
water systems (Billerica, MA).  
Secondary effluent was collected from the secondary clarifier of the Adelaide Pollution 
Control Plant, London, ON, Canada and stored at a temperature of 4°C prior to use. The 
water quality of secondary effluent was determined and values of different parameters are 
presented in Table 4.2. 
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Table 4.2: Water Quality of Secondary Effluent 
Water Quality Parameters Values 
 
pH 7.4 
Turbidity (NTU) 10 
TSS (mg/L) 23 
VSS (mg/L) 15.5 
TCOD (mg/L) 36 
SCOD (mg/L) 29 
TDS (mg/L) 373 
Sodium (mg/L) 83.3 
Potassium (mg/L) 10.4 
Calcium (mg/L) 83.9 
Magnesium (mg/L) 18.5 
Ammonium (mg/L) 2.3 
Sulphur (mg/L) 13.8 
Nitrates (mg/L) 18.1 
Iron (mg/L) 0.055 
Phosphorous (mg/L) 0.712 
Manganese (mg/L) 0.0072 
TOC (mg/L) 9.61 
 
4.2.2 Analytical methods 
All water quality parameters were analyzed according to the standard APHA methods 
(APHA, 1998). Soluble water quality parameters were analyzed after filtration through 
0.45 µm filter paper. HACH vials were used to measure the total and the soluble 
chemical oxygen demand (TCOD and SCOD), nitrates, ammonium in a HACH reactor. 
Inorganic ions were analyzed using inductively coupled plasma- optical emission 
spectrometer (ICP-OES, Varian Vista Pro; CCD Simultaneous, Australia) and turbidity 
was measured using Micro 100 Laboratory Turbidimeter. UV intensity was measured 
using UVX Radiometer (UVP, LLC, CA, USA) 
TOC of the initial and treated samples was determined using TOC analyzer (Shimadzu 
TOC-VCPN analyzer) with an ANSI-V auto sampler. The pH and temperature were 
84 
 
 
determined with a pH meter (model pHi 460, Beckman Coulter Inc., Fullerton, CA, 
USA). 
Depending on the concentration (3 µg/L - 5 mg/L) used in the experiments, E1 
concentration was measured by HPLC (ICS 300, Dionex) and a gas chromatograph (GC-
2010, Shimadzu) coupled with a quadrupole mass spectrometer (GCMS-QP2010S, 
Shimadzu) equipped with an auto-injector (AOC-5000, Shimadzu). HPLC analyses in the 
concentration range of 50-5000 µg/L were carried out using 100 µL sample volume in an 
Acclaim 120 C18 reversed-phase column (150 mm × 4.6 mm i.d., 5 µm particle size, 
Dionex, USA). The mobile phase used was a mixture of AcN and Mili-Q water (50:50 
v/v) at a flow rate of 1 mL/min by the HPLC pump at an isocratic mode. The column 
temperature was maintained at 30oC and the detection wavelength was set at 200 nm. 
Under the aforementioned conditions, the retention time of E1 in the column was 4.60 
min. 
Beyond the detection limit (50 µg/L) of HPLC, GCMS was used to measure the 
concentration of E1 using liquid-liquid extraction (LLE). 50 mL of the sample was 
extracted using LLE in three stage extractions using 10, 10, and 5 mL of DCM to 
maximize the recovery. After the final stage of extraction, sodium sulphate (Na2SO4) was 
added to remove any remaining water from the sample. The water free sample in 25 mL 
DCM was then concentrated to 1 mL using a concentration work station (Turbo Vap II, 
Caliper Life Sciences, MA, USA) under a gentle stream of nitrogen at 45oC and 11-12 
psi. Subsequently, 150 µL of mirex as an internal standard and 100 µL of the derivatizing 
reagent N, O-Bis (trimethylsilyl) trifluoroacetamide (BSTFA) were added to the sample 
extract in a 2 mL GC vial along with 50 µL of pyridine, which acts as a catalyst for the 
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derivatization reaction. The samples were then allowed to react for one hour at 55oC in an 
oven (ED 53-LL, Binder, Tuttingen, Germany) before injection into the GC-MS. 
Chromatographic separation was achieved using a BPX50 (50% phenyl-
polysilphenylene-siloxane) capillary column of 30 m × 0.25 mm i.d. (film thickness of 
0.25 µm) obtained from SGE (Austin, TX). Helium was used as the carrier gas at a 
column flow rate of 1.5 mL/min. The injector temperature was maintained at 320oC. The 
mass spectrometer was operated in selected ion monitoring (SIM) mode with positive 
ionization by electron impact (EI). The ion source and interface temperatures were 
maintained at 250oC and 320oC, respectively with detector voltage relative to the auto 
tuning. The retention time for E1 was 21.4 minutes and ions monitored had mass to 
charge ratios (m/z) of 257 and 342. GC-calibration curve (5 points) was generated using 
E1 dissolved in DCM to negate the effect of loss during extraction procedure.  
AOP experiments 
Estrone (E1) stock solutions of 5 mg/L were prepared in ultrapure water and stored at 4oC 
for regular experiments. The natural pH of 5 mg/L of E1 in Mili-Q water was 6.5; 
therefore all experiments were carried out at pH 6.5 except for some cases where the 
effect of pH on E1 degradation was quantified.  
All AOP experiments were performed in a bench-scale annular reactor with 750 mL 
reaction volume (Fig. 4.1). 
  
A 13 W low-pressure Hg lamp (model Philips TUV PL
USA), with monochromatic light at 253.7 nm and intensity of 18
a quartz protective sleeve, was used as the UV light source. A cooling water jacket was 
used to maintain a constant reaction temperature at 20°C and the reactor contents were 
thoroughly mixed using a magnetic stirrer. 
For AOP experiments involving ozone, 625
an ozone generator (model TG
compressed air at a pressure of 15 psi. Ozone in the gas phase was measured using an 
Fig. 4.1: Experimental set up 
-S, www.bulbs.com, Texas, 
 mW/cm
 
-2500 ppm, (% v/v) ozone was produced by 
-40, Ozone Solutions, Hull, Iowa, USA) by feeding 
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ozone analyzer (model UV-100, Eco Sensors, Newark, California, USA). The 
corresponding aqueous concentration of ozone was calculated using Henry’s constant and 
varied from 0.33-1.31 mg/L. For UV/ H2O2 experiments, the reaction mixture was spiked 
with 33% H2O2 resulting in final H2O2 concentration of 20, 40, and 60 ppm in the 
reaction media. 
 4.3 Results and Discussion 
As mentioned earlier, the most commonly used AOPs in water treatment plants such as 
ozone, 254 nm UV, and their combinations with H2O2 were applied for E1 degradation. 
Kinetics of E1 degradation in aqueous medium: comparison of all the AOPs  
Ozonation: 
The kinetics of E1 degradation under different AOPs such as UV, UV/H2O2, O3, UV/O3, 
O3/H2O2 and O3/UV/H2O2 are shown in Fig 4.2.  
 
Fig. 4.2: Degradation of E1 in each applied AOPs 
Co= 5 mg/L, pH = 6.5   
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Of all the AOPs tested, ozonation with UV caused the fastest degradation of E1 followed 
by O3/H2O2; with more than 99% of E1 degraded within 30 minutes. Ozone alone has 
been found to be very effective for the removal of various recalcitrant organic 
compounds including estrogenic compounds such as E1 (Ning et al. (2007)). Under 
neutral pH condition (6.5) employed in this work, E1 is expected mostly to react with 
molecular O3 and reactive radicals formed by ozone decomposition as shown by Eqns. 
4.1-4.5 (Hoigné and Bader (1983)):    
 " +  $% →  '%• +  $ ' ………………...…………………………………………...(4.1) 
$ '• ↔  '• + $*……………………………………………………..………..........(4.2) 
 " +  '%• →  "%• +   '……………………………………………….……..….……(4.3) 
$ "•. →  "%• + $* …………………………………………………….……………(4.4) 
$ " • →  $• +  ' ………………………………………………………...……..…(4.5) 
Hydroxyl radicals generated in the last step makes ozonation an effective AOP for E1 
degradation.  In the alkaline pH, hydroxyl radical formation from ozone decomposition 
can be summarized as: 
3 " +  $% + $* → 2 $• + 4 '……………………...…………………………….(4.6) 
Although, it has been found that the rate of reaction with ozone increases with increasing 
pH (Deborde et al. (2005)), alkaline pH has negative practical implications and associated 
higher cost for wastewater treatment. Since the pKa of E1 is 10.8, the undissociated form 
of E1 reacts with hydroxyl radical at pH 6.5-7. E1 degradation by ozone follows pseudo-
first order kinetics as can be seen in Figures 4.2-4.3.  Since ozone was passed through the 
solution in a continuous mode and kept constant, depending on the air flow rate and 
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ozone concentration, the molar ratio of ozone: E1varied from 177 to 355.  Therefore, 
ozone was always much in excess in the solution giving rise to 1st-order kinetics of E1 
degradation with respect to E1 concentration, different from some of the earlier studies, 
which indicated overall second order degradation of E1 or 1st order with respect to both 
ozone and E1 (Ning et al. (2007)).  
UV-Photolysis: 
The predominant reaction mechanism for degradation of organics using 254 nm UV-
radiation is direct photolysis. The photoactive phenolic group in E1 absorbs the UV 
radiation and makes it amenable for photolysis (Liu and Liu (2004); Mazellier et al. 
(2008)). Although, λmax for E1 is around 283-285 nm (Lide and Bruno (2012)), the molar 
extinction coefficient of E1 at 281 nm was found to be 2000 M-1 cm-1 (Chan et al. 
(2012)), making it a weak candidate for photolysis, especially at low concentration.  For 
example, a compound such as pentacholorophenol, which is effectively removed by 
photolysis using 254 nm radiations, has a molar extinction coefficient of 10,000 M-1 cm-1.  
Also, lower concentration of the micropollutants, in this case of E1 lowers the rate of 
photolysis.  
E1 photodegradation also follows pseudo-1st order kinetics as can be seen in Figure 4.2.  
Liu and Liu (2004) have also shown that UV photolysis of E1 in aqueous solution 
followed first order kinetics. The quantum yield of E1 degradation can be calculated 
using following equation (Kari et al. (1995)): 
%+,-
+. = ∅01…………………………………………………………………………………………………….(4.7) 
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where 
%+,-
+.   is the rate of E1 degradation in moles/Lmin, ∅ is the quantum yield (moles 
of E1 converted/Einstein of lights absorbed), and Ia is the average number of Einstein of 
light absorbed/Lmin. The UV intensity on the quartz surface was measured to be 18 
mW/cm2 and for 254 nm radiation, 1 34567845 = 470 :;<=, the average ∅ for E1 is around 
0.0005. This quantum yield is lower than the reported value of 0.002-0.003 for E1 
photocatalysis using TiO2 by Li Puma et al. (2010); the higher value reported in their 
work is due to the use of photocatalyst, which increased the conversion of E1.  
UV/Ozone, Ozone/H2O2, and UV/H2O2: 
There is a slight increase in E1 degradation rate by combining UV with ozone due to the 
following reaction: 
 " + ℎ? →  ' +  (1!)…………………………………………………………….…(4.8) 
 (1!) + $' → $' ' → 2 $•....................................................................................(4.9) 
However, exceptionally low molecular absorptivity of H2O2 at 254 nm (ε254nm= 18.6 M-1 
cm–1) limits the OH• yield in the solution as produced by reactions 4.8 and 4.9. 
Therefore, only about 12% increase in the rate was seen by adding UV radiation with 
1.31 mg/L of ozone.  Addition of external 20 ppm of H2O2 with ozone brings about the 
similar degree of enhancement due to the following overall reaction mechanism (Munter 
(2001)): 
2 " + $' ' → 2 $• + 3 '...……………………………………………………..………………….(4.10) 
The mass ratio of H2O2: O3 used in this work was only 0.08, therefore limiting the effect 
of the above reaction. The H2O2 dosage was chosen based on the advanced oxidation of 
Bisphenol A and 17-β estradiol (Rosenfeldt and Linden (2004); Rosenfeldt et al. (2006)).  
However, the effect of H2O2 was more prominent when it was used directly with UV, 
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where almost 30% increase in rate was observed by the addition 20 ppm of H2O2 with 
UV. Adding H2O2 directly with UV eliminates the need for the intermediate reaction 
shown in Equation 4.9, thereby increasing the overall rate of UV/H2O2 process.  
For the combination of the AOPs, rate always increases with the combination of UV with 
ozone and hydrogen peroxide, however, at a higher cost.  It can be seen from Fig. 4.2 
that, O3/UV is a better combination than O3/H2O2 for the degradation of E1. Similarly, 
rate of E1 degradation increased by another 8-10% by combining UV with ozone and 
H2O2. Irmak et al. (2005) reported that coupling of UV with O3 decreased the O3 
consumption by about 22.5% and also time needed to convert the same amount of E2. On 
a similar note, Von Gunten (2003) stated that the cheapest and easiest way to convert a 
conventional ozonation process into an AOP with higher amount of OH• is the addition 
of H2O2; however detailed cost analysis are needed. 
Effect of Initial Concentration of E1: 
All AOPs produced approximately linear plots of t against ln(,<, ) showing pseudo first 
order kinetics. However, two distinct regions of linearity were observed in all cases as 
shown in Fig 4.3a-c. It can be seen from Figs. 4.3 that all the AOPs showed much faster 
rate of degradation at the beginning, followed by a significantly slower rate towards the 
end of the reaction, indicating the role of E1 concentration on the kinetics of degradation.  
Plotting rate data using order greater than one did not produce good correlation 
coefficients; therefore, both regions were modeled as pseudo-first order kinetics. The 
first-order rate constants for various AOPs were plotted using equations 4.11:  
ln(,<, ) =  kt……………………………………………………………………………(4.11) 
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where, Co and C are the concentrations of E1 at time zero and at time t (min), k is the 
first-order degradation rate constant (min-1). All the rate constants are presented in Table 
4.3. 
 
Fig. 4.3a: Determination of pseudo-first order rate constant, k (min-1) under different 
AOP conditions.   
Co (E1) = 5 mg/L, pH = 6.5 
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Fig. 4.3b: Determination of pseudo-first order rate constant, k (min-1) at different ozone 
concentrations.   
Co of E1 = 5 mg/L, pH = 6.5 
 
Fig. 4.3c: Determination of pseudo-first order rate constant, k (min-1) at different UV 
conditions. Co (E1) = 5 mg/L, pH = 6.5 
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Table 4.3: Effect of initial concentration on the degradation rate constant of E1 
Process 
Rate constant at 
time  
t < 15min (min-1) 
Rate constant at 
time 
t > 15min (min-1) 
Overall rate 
constant for t=0-30 
min (min-1) 
UV (254nm) 0.06 0.03 0.047 
UV/H2O2(20 ppm) 0.074 0.055 0.061 
UV/H2O2(40 ppm) 0.08 0.065 0.068 
UV/H2O2(60 ppm) 0.10 0.073 0.078 
O3(1.31mg/L) 0.20 0.11 0.12 
O3(0.65 mg/L) 0.17 0.09 0.11 
O3(0.3 mg/L) 0.15 0.08 0.10 
O3(1.31mg/L)/UV 
0.22 0.13 0.14 
O3/H2O2(20 ppm) 0.21 0.12 0.13 
O3/UV/H2O2 
0.23 0.14 0.17 
   
As can be seen from Table 4.3, for the concentration range between 1-5 ppm of E1; 
 @A"(0.2 min%) ≫  @FG<.<=HIJI(0.06 min%), and the addition of UV and H2O2 with 
ozone increases the rate marginally as discussed earlier. 
Although, E1 degradation in all the AOPs tested followed pseudo-first order kinetics with 
respect to E1 concentration in the range of 5-50 µg/L, the rate constant of E1 decreased 
by 21-49% for all the AOPs at low µg/L range. Reactions in AOPs involving OH• radical 
are non-elementary in nature, and the decrease in rate constant with E1 concentration can 
95 
 
 
be attributed to the decreased probability of interaction of OH • radicals with E1 
molecules at lower concentration (Ning et al. (2007)). 
The drop in rate with concentration was the highest for ozonation due to much lower 
concentration of E1 achieved in ozonation (around 1 µg/L). Any concentration below 0.5 
µg/L could not be determined accurately due to detection limit of the GC-MS used in this 
work. However, it is interesting to see that decreasing the initial concentration by three 
orders of magnitude, the rate is only decreased by a maximum of 50% indicating the 
potential of AOPs in E1 removal in environmental relevant concentration.  It is evident, 
that further research on AOPs can be directed towards improving the rate either by the 
addition of energy or chemicals or the combination of both, but at the expense of higher 
operating cost. However, complete removal of a pollutant may not be necessary provided 
the resultant water quality after an AOP treatment is safe. Determining the effluent 
quality in terms of bioassay and extent of total organic carbon (TOC) reduction can be 
used to determine the optimum AOP treatment without conducting detailed chemical 
analyses as discussed below. 
Effect of ozone and H2O2 dosage: 
UV/H2O2 treatment: 
With the application of 20 ppm H2O2, the rate constant of E1 degradation increased from 
0.047 (UV alone) to 0.061 min-1 as shown in Table 4.3. Similarly, Rosenfeldt and Linden 
(2004) reported that the removal efficiencies of estrogens (E2, EE2) in aqueous medium 
were higher using UV/ H2O2  as compared to UV alone treatment. The rate of E1 removal 
consistently increased with increasing H2O2 dosage between 20-60 ppm (Fig. 4.4).      
96 
 
 
 
Fig. 4.4: Effect of H2O2 dosage on photolysis of E1 
Co of E1 = 5 mg/L, pH = 6.5 
 
However, the rate constant increased only by 27% for a 3 fold increase in the H2O2 
concentration. In this case, molar ratio of H2O2 to E1 varied from 42-126, therefore, there 
was marginal benefit of adding greater amount of H2O2. Although the OH• radical 
production increases with increasing H2O2, it is also known to scavenge OH• radical, thus 
making the overall process less efficient at higher concentrations of H2O2 (Wang et al. 
(2006); Rosenfeldt and Linden (2007)). In this work, we had not reached that limit even 
by adding 60 mg/L of H2O2. Literature indicates that H2O2 dosages vary greatly ranging 
from 10-136 mg/L, with most studies conducted between 10-50 mg/L for different parent 
compounds (Rosenfeldt et al. (2007); Rosenfeldt et al. (2006);Shappell et al. (2008); 
Chen et al. (2007)) 
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Ozonation: 
Similar to hydrogen peroxide dosage, increasing ozone concentration from 0.33 - 1.31 
mg/L in aqueous phase increased the oxidation rate. Huber et al. (2005) studied 
ozonation of several municipal wastewater effluents in pilot-scale and reported that 
more than 90% of the estrogens were oxidized at O3 dosages of  ≥ 2 mg/l. In a similar 
study, Ried and Ternes (2003) found that by applying O3 at a dosage of 5 mg/l, estrogen 
removal was more than 80%. As can be seen, ozone dosage used in this work was lower 
than the reported values in literature. Although, 99.8% E1 was removed even at the 
lowest ozone dosage of 0.33 mg/L used in this study, the rate of reaction decreased by 
16% upon lowering the ozone concentration by 75% from 1.31 mg/L to 0.33 mg/L. The 
effect of lower ozone concentration was slightly more prominent at the higher 
concentration of E1 than at the lower concentration as can be seen in Fig. 4.5.            
 
Fig. 4.5: Effect of O3 dosage on degradation of E1 
Co (E1) = 5 mg/L, pH = 6.5 
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Huber et al. (2004) reported a similar trend of reduced rate of reaction, where they varied 
the O3 dosage from 0.5-20 mg/l for EE2. Zhang et al. (2006) studied the removal of EE2 
in aqueous medium and showed that when O3 dosage was varied from 0.03-0.56 mg/L, 
the time required for near complete degradation of EE2 decreased from 100 min (lowest 
dosage) to 10 min (highest dosage). In our case, the effect of ozone dosage is not that 
significant due to low range of ozone concentration used. 
Effect of pH: 
The effect of pH on degradation of E1 was evaluated only for ozonation (Fig. 4.6). The 
production of OH• radicals varies significantly with pH in ozonation. At pH < 7.0, E1 is 
in its non-ionized form and the effect of molecular O3 is more significant due to its 
reaction with phenolic ring (Ning et al. (2007)). However, when pH was increased to 8, 
the rate constant drops to a minimum, this may be due to the fact that, OH• radicals start 
forming and there is competitive interaction between O3 molecules and OH• radicals by 
reaction 4.12 ( Ning et al. (2007)),  
 " +  $• → $ L……………………………………………………………………...4.12 
which leads to the observed decrease in rate constant.  Further increasing the pH, 
essentially increases the OH• radicals concentration in the reactor, and thereby increases 
the rate constant (Ning et al. (2007)). However, overall the impact of pH on degradation 
rate constant of E1 was insignificant, as the rate constant only changed by about 20%. 
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Fig 4.6 Effect of pH on 1st order degradation constant of E1 in ozonation 
 
Mineralization of E1 using various AOPs: 
One of the challenges of large scale application of AOPs is the incomplete mineralization 
of complex organic molecules as indicated by total organic carbon (TOC) in the solution. 
Andreozzi et al. (2003) reported that with UV/H2O2 application for clofibric acid, 95% 
drug removal and 10% mineralization was observed after 60 min. However, with 
ozonation, there was an improvement in mineralization, which was 50% after 60 min of 
reaction. Similarly, Vogna et al. (2004)  reported 40% mineralization of diclofenac after 
90 minutes of UV/H2O2 application, while only 18% mineralization in ozonation of 
amoxicillin (Andreozzi et al. (2005)). Therefore, TOC reduction depends on both the type 
of parent compound as well as the type of AOP, and needs to be evaluated independently. 
In this work, TOC of the reactor content at various time was measured for all AOP 
applications. Although E1 degradation was quite fast and complete in all the processes, 
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degradation of the intermediates as dictated by the decrease in TOC was very slow; best 
TOC degradation was found to be with the combination of UV, ozone and 20 ppm of 
H2O2 followed by UV/O3 as shown in Figure 4.7. The worst performance could be seen 
for UV degradation of E1 which showed the slowest removal of TOC.  It is envisaged 
that the intermediates formed during UV photolysis do not absorb at 254 nm and hence 
are not amenable for photodegradation. The UV-spectra of reaction media shows (Fig. 
4.8a) that E1 has a UV absorbance range between 250-280 nm, whereas with increasing 
reaction time absorption maximum of the reaction mixture is shifted between 200-220 nm 
(Fig. 4.8b), which is beyond the wavelength range of the UV lamp to initiate chemical 
reaction. 
 
Fig. 4.7: Degree of mineralization for each AOP applied 
TOCo≈ 4 mg C/L, pH=6.5 
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 For some limited number of experiments TOC was measured after prolonged 
experimental time. It was seen that for ozonation (1.31 mg/l), TOC removal was about 
85%  after 500 min (8.33 hours), while for UV/H2O2 it decreased to 65% for the same 
time (data not shown). Addition of H2O2 increased the TOC degradation potential of UV 
by the production of OH• radical. Alsheyab and Muñoz (2006) reported that best removal 
(78%) of natural organic matter (NOM) occurred when ozone was combined with H2O2. 
Sarathy and Mohseni (2007) found that even when UVC was combined with H2O2, NOM 
could not be mineralized. These experiments clearly demonstrate the limitation of only 
UV- based oxidation processes, where absorption of light is the most important step to 
initiate the photolysis and subsequent photooxidation.   
 
Fig. 4.8: UV spec showing different UV absorbance range of intermediates. (a) shows the 
absorbance at t=0 min and (b) shows the absorbance at t=15min 
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Estrogenicity removal: 
The quality of final effluent was tested further by measuring the estrogenic potential of 
the solution. Estrogenicity in terms of estrogenic equivalent (EEQ (mg/L)) with respect to 
estradiol (E2) (most estrogenic of all the estrogens) was measured for the AOPs tested. 
Although, TOC degradation was relatively slow (only about 10% decrease) for all the 
AOPs tested, most of them showed good removal of estrogenicity (ranging from 60-
100% removal), which implies that the intermediates formed following E1 are not 
estrogenic. Ozonation showed the maximum removal of EEQ followed by UV/H2O2. 
Onda et al. (2002), Kim et al. (2004) evaluated the estrogenicity of 17β-estradiol during 
ozonation and reported that estrogenic activity decreased with time. Huber et al. (2004) 
postulated that ozone molecules attack and cleave hydroxylated aromatic ring of 
estrogens, which leads to the destruction of estrogenicity. In this work, even UV 
photolysis also removed reasonable amount of estrogenicity. On the other hand, Guedes 
et al. (2008) investigated the effect of combined treatment for degradation of E2 and EE2 
and removal of estrogenicity by ozonation and O3/H2O2 processes; addition of H2O2 did 
not improve the removal of estrogenicity, which is the case for E1 also as observed in our 
experiments (Fig. 4.9). 
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Fig. 4.9: Degradation of estrogenic activity of E1 in pure water with different AOPs 
tested 
EEQo= 5.1x10-1 mg/L, pH=6.5  
 
Effect of total organic carbon (TOC) on degradation rate constant (k): 
In water treatment plants, AOPs can be applied for very diverse water background 
quality. In this work, effect of background organics as measured by TOC on degradation 
of E1 with selected AOPs was evaluated by varying the TOC from 10 to 50 mg/L using a 
standard stock solution of potassium hydrogen phthalate (KHP).  As can be seen from 
Fig. 4.10, rate constant of E1 degradation decreased linearly with increasing TOC in all 
cases. The model equations correlating k with TOC with R2 are given in Table 4.4. 
 The model predicted rate constant (0.115 min-1, O3 only) at a particular TOC (13.6 
mg/L) compared very well with the observed rate constant (0.117 min-1, O3 only) for 
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secondary effluent. Rate of decline of k with TOC is almost identical for all the AOPs, 
which is reasonable as the same model compound KHP was used to vary the TOC 
concentration in the reaction mixture. 
 
Fig.4.10: Effect of TOC on degradation rate constant ‘k’ 
Co (E1) = 5 mg/L, pH = 6.5 
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Table 4.4: Correlation of rate constant “k” with TOC 
 Model equation R2 
Advanced oxidation process   
O3 (1.32ppm)only k= -0.001(TOC) + 0.129 0.988 
O3/UV k= -0.001(TOC) + 0.150 0.985 
O3/H2O2 k= -0.001(TOC) + 0.143 0.969 
O3(0.65ppm) k= -0.001(TOC) + 0.121 0.970 
 
Although E1 degradation using simulated TOC values yielded useful information 
quantifying the effect of TOC on E1 degradation, E1 degradation in real wastewater 
effluent was evaluated for practical consideration. Based on the maximum rate constant 
for degradation of E1, and better removal of estrogenicity, only ozone based AOPs were 
tested for E1 removal in secondary effluent. The results indicated that secondary effluent 
(TOC≈ 9.6 mg/L) spiked with E1 (TOC≈4 mg/L) showed comparable degradation rate 
constant (0.117 min-1 in secondary effluent as compared to 0.123 min-1 in pure water for 
O3)  as when TOC was adjusted to 10 mg/L with KHP. It can be seen from Fig. 4.11 for 
all the various AOPs tested in secondary effluent, the rate constant of E1 decreased only 
by 5% in secondary effluent compared to pure water, and the rate was not affected by the 
presence of inorganic ions in water. 
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Fig. 4.11: Comparative performance of AOPs in secondary effluent and pure water 
(background E1 in secondary effluent was beyond analytical detection limit) 
Co (E1) = 5 mg/L, pH = 6.5 
 
It can be seen that with secondary effluent, ozonation processes perform very well with a 
marginal decrease in rate constant (5%) as compared to pure water. The mineralization in 
secondary effluent was also tracked during the reaction and the comparative performance 
with pure water is shown in Fig. 4.12 
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Fig. 4.12: Comparative performance of AOPs in organics mineralization in secondary 
effluent and pure water 
 TOCo (E1) ≈ 4 mg/L, TOCo(secondary effluent)=9.6 mg/L, pH = 6.5 
  
Ermawati et al. (2007) conducted ozonation on effluents from various WWTPs and found 
that TOC reduction was insignificant due to the complex matrix of the effluents. Due to 
higher ozone concentration maintained in this work as discussed earlier (mole ratio of 
ozone: E1 varied from 177-355), the background TOC did not affect the rate of 
mineralization in this work. Although TOC reduction remained low, estrogenic activity 
was completely removed in both pure and secondary effluent using ozonation (Fig. 4.13). 
There was slight background estrogenicity of secondary effluent (EEQo: 3.7x10-3 mg/L) 
108 
 
 
compared to the sample EEQo of 5.3x10-1 mg/L. Zhang et al. (2005) studied the 
estrogenicity of primary sewage effluent during ozonation and observed that E2 
concentration in the filtrate of primary effluent reduced from 816 ng/L to approximately 
1 ng/L. Similarly, Zhang and Zhou (2008) found that estrogenicity in the primary effluent 
decreased after ozonation from 315 to 1018 ng/L to below 10 ng/L. In this work 
ozonation removed estrogenicity of E1 completely in both pure water and secondary 
effluent. 
 
Fig. 4.13: Removal of estrogenicity degradation in pure water and secondary effluent 
EEQo= 5.3x10-1 mg/L, background EEQ of secondary effluent= 3.7x10-3 mg/L, pH=6.5  
 
It is important to note here that AOPs can render harmful by-products due to their 
reactivity with water/wastewater matrix components or micropollutants, which can have 
a similar or in worst cases even more estrogenicity than the parent compound (Bila et al. 
(2007); Kim et al. (2007); Lee et al. (2008)). This was observed here when UV irradiation 
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was combined with O3 both in case of pure water (Fig. 4.9) and secondary effluent (Fig. 
4.13), as about 25% of original estrogenicity remained after 60 minutes of treatment.  
4.3.1 Cost estimation 
The electrical energy per unit order (EE/O) was calculated according to Bolton et al. 
(2001). EE/O is a measure of operating cost and it allows for easy and accurate scale up 
to a full scale design and costs. EE/O is the electric energy in kilowatt hours (kWh) 
required to degrade any pollutant by one order of magnitude in a unit volume [e.g., 1 m3] 
of polluted water. It is given by equation 4.13: 
 
EE/O (in kWh/m3/order) = M∗.∗
O∗60∗PQR (S-TS- )
……………………………….………… (4.13) 
 
where, P iselectrical power (in kW), t is the time (in min) required to reach CA from 
CAo,V is the volume of AOP reactor (in liters), CAo is the initial concentration of E1, and 
CA is the final concentration of E1.  EE/O was calculated based on 90% removal, and 
reported in Table 4.7.  It can be seen that EE/O was the lowest for UV/H2O2 (60 ppm) at 
8.53 kW-h/m3/order, and the highest for ozonation (0.3 ppm) at 268 kW-h/m3/order.  
Therefore, based on electrical cost only, UV/H2O2 is the least cost option, however, this 
scenario changes significantly when total cost is taken into consideration as discussed in 
the following section.  
The kinetics of E1degradation for all AOPs determined in this work were used to 
estimate the cost. The rate constants were used to calculate the time required for 90% 
removal of E1 from its initial concentration (Mahamuni and Adewuyi (2010)). This time 
was assumed as the residence time (t90) for the reactor for water treatment using that 
particular AOP (Eqn. 4.13).  
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t90=
'."
:   ………………………… (4.14)(Based on 1st order rate kinetics for 90% removal)  
 
 
Cost calculation was conducted for an assumed flow rate of 1000 L/min. The reactor 
volume was estimated by multiplying the residence time (t90) with the design flow rate 
(1000 L/min) as shown with eqn. 4.15: 
Reactor volume (AOP reactor) = 1000 * t90= X lit……………………………..……(4.15) 
 
From the experimental data on various AOPs, energy consumption was calculated as 
energy consumed per unit volume (ε watt/L). The total amount of energy required to treat 
the wastewater at the design flow rate (1000 L/min) for given residence time (t90) was 
then calculated using eqn. 4.16: 
Total energy requirement in the AOP reactor = X* ε watt…………………………..(4.16) 
 
The manufacturers’ data were used to determine the energy supplied by one unit (E 
Watt).  
Based on the design flow rate, the number of such units required for supplying the 
required energy was then calculated (N = X* ε / E). Cost of each unit received from the 
manufacturer is $ C. The total cost of the water treatment unit was calculated using eqn. 
4.17 (i.e. AOP unit cost). 
Total cost of N AOP units = P = N*C. ……………………………………………....(4.17) 
 
This AOP unit cost was used to calculate the total capital cost using the published report 
in National Water Research Institute (NWRI) with relevant assumptions in the report 
(Melin (1999)). These are given in Table 4.5. 
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Table 4.5: General calculation of capital cost 
Item Cost (USD) 
AOP reactor P 
Piping, valves, electrical (30%) 0.3 P 
Site work (10%) 0.1 P 
Subtotal 1.4 P = Q 
Contractor O&P (15%) 0.15 Q 
Subtotal 1.15 Q = R 
Engineering (15%) 0.15 R 
Subtotal 1.15 R = S 
Contingency (20%) 0.2S 
Total capital 1.2 S 
 
The total capital cost is depreciated at a rate (r) of 5% per year over a period (n) of 20 
years to arrive at total amortized annual capital cost (Yuan and Tol (2004). The formula 
used to calculate this is given by equation 4.18: 
 
A=
.'∗U
 %( VVWX)

……………………………………………………………………….... (4.18) 
 
Sum of the annual operation and maintenance cost (O&M) cost and annual amortized 
capital cost gave the total annual operating cost. This cost was then divided by the 
amount of gallons of wastewater treated in a year, assuming 52 weeks of operation per 
year. Since, all the AOPs were carried out under identical conditions (concentration, pH, 
temperature, reactor volume), all the data are comparable. In addition, the following 
assumptions were considered: 
 
• For UV systems, the part replacement costs were assumed to be 45% of the 
annual electrical power consumption costs (Hyman and Dupont (2001))  
• For ozone systems, the annual part replacement cost was assumed to be 1.5% of 
the capital cost (Melin (1999)). 
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• General O&M labor was assumed to be 312 h/year for all the systems (Melin 
(1999)). The labor rate was assumed to be $80/h 
• For UV systems, it was assumed that sample collection frequency was, Sf = 1 
samples/week; sampling time, St = 1 h/sample and time required for O&M = 18 
h/year (Melin (1999)). 
• For ozone systems, it was assumed that Sf = 1 samples/week; St = 1 h/sample; and 
time required for O&M = 48 h/year (Melin (1999)). 
• The capacity of ozone generator was obtained from the manufacturer (Ozone 
Solutions Inc., http://www.ozonesolutions.com ) which was 2.1 lb/day. Input 
power of ozone generator was 540 W. 
Other relevant costs are given in Table 4.6. 
Table 4.6: Cost of reagents and devices used in the studied processes 
Parameter Cost 
Analytical cost (includes labor charge) $ 200/hour (Melin (1999)) 
33%, H2O2 (VWR International, 
ON,Canada) 
$ 25/L 
Electrical cost (London Hydro, ON, 
Canada) 
$ 0.08/kWh 
UV lamp (Philips TUV-PLS, 13W) $ 27 each 
Ozone generator $ 9095 
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Fig. 4.14 shows the overall cost of wastewater treatment by each of the AOP applied. 
Although, electrical cost was the least for UV/H2O2 process, the capital and maintenance 
cost was the least for ozonation. 
 
 
Fig. 4.14: Overall cost of treatment for each AOP applied 
 
Fig. 4.14 clearly shows that O3 application is the most suitable for treating E1when total 
cost is taken into consideration. The cost estimation results match closely with other 
authors who performed similar calculations on other compounds. Thiruvenkatachari et al. 
(2007) obtained $ 6/1000 gallons ($ 0.03/gm TPA) for UV/H2O2 treatment of terephthalic 
acid (TPA). Similarly, Mahamuni and Adewuyi (2010) obtained $ 5/1000 gallons 
($0.53/gm TCE) for UV treatment of trichloroethylene (TCE). They also calculated the 
cost for ozonation of phenol under similar conditions and obtained $ 1.2/1000 gallons 
114 
 
 
($0.0013/gm phenol) of water treated. Safarzadeh-Amiri (2002) showed that the cost of 
wastewater treatment for volatile compounds in ground water is about $1/1000 gallons 
($0.003/gm) for O3/H2O2. 
Table 4.7 Summary of cost estimation of various AOPs for degradation of E1 
Process 
k 
(/min) 
Total annual 
O & M cost 
($) 
Amortized 
annual 
capital cost 
($) 
EEO/O 
(kWh/m
3
/ord
er) 
Cost$/1000gal
lon 
Cost $/gm of 
E1 
UV (254nm) 0.047 887421.4 299594.58 14.16 8.53 0.45 
UV/H2O2(20) 0.061 693994.08 231124.64 10.92 6.65 0.35 
UV/H2O2(40) 0.068 626154.64 207106.35 9.79 5.99 0.32 
UV/H2O2(60) 0.078 551027.47 180510.96 8.53 5.26 0.28 
O3(1.31) 0.123 44389.86 3149.93 224.64 0.34 0.018 
O3(0.65) 0.112 43874.43 1574.96 246.72 0.32 0.017 
O3(0.3) 0.103 43874.43 1574.96 268.32 0.32 0.017 
O3/UV 0.14 344858.8 102279.00 202.15 3.21 0.17 
O3/H2O2(20) 0.13 44413.86 3149.93 212.52 0.34 0.018 
O3/UV/H2O2 0.17 294067.8 84364.03 166.39 2.72 0.14 
 
 
4.4 Conclusions 
E1degradation using various advanced oxidation processes such as UV, H2O2 and O3 and 
their combination was studied under different conditions. The effects of different water 
quality parameters such as pH, background TOC, and operating parameters such as initial 
concentration of E1 and dosage of H2O2 and O3were evaluated. The performance of 
various AOPs was evaluated based on E1 degradation, TOC and estrogenicity removal, 
EE/O, and total cost. Ozonation was the best option for removal of both E1 (k=0.117 
min-1) and the estrogenicity (99% decrease).  However, rate of TOC degradation 
remained low for all the AOPs including ozonation. The rate of E1 removal decreased 
linearly with the background TOC in water, although E1 degradation in the secondary 
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effluent from a local treatment plant was not affected significantly due to low organic 
concentration in the secondary effluent. Background inorganic compounds in the 
secondary effluent did not alter the E1 removal rate. While EE/O was the least for 
UV/H2O2 process, total cost of E1 removal was the least for ozonation at $0.34/1000 
gallon. 
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Chapter 5 
 
Conclusions and recommendations 
 
5.1 Conclusions 
The following conclusions can be drawn from Chapter 3, the first phase of the present 
study involving anaerobic digestion of estrogenic compounds E1, E2, and E3: 
• Anaerobic digestion of estrogenic compounds under any circumstances was not 
observed. Infact, the estrogenicity of the sludge measured by YES bioassay 
increased during digestion due to reduction of E1 to more estrogenic E2. 
• Ultrasonication pretreatment reduces the estrogen loading on the anaerobic 
digester due to advance oxidation, but further removal of estrogens did not occur 
during anaerobic digestion. 
• No E3 was detected in the sludge during anaerobic digestion of E1 and E2. 
• Most of the estrogens partitioned onto the solid phase and remained there during 
digestion. 
The following conclusions can be drawn from Chapter 4, which deals with advanced 
oxidation of E1: 
• Ozonation is the best advanced oxidation process in terms of minimal overall total 
cost, parent compound removal, maximum estrogenicity reduction, and highest 
TOC removal. 
•  E1 degradation in the secondary effluent from a local treatment plant was not 
affected significantly due to low organic concentration in the secondary effluent. 
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• Complete mineralization was not achieved even though the parent compound (E1) 
was completely degraded indicating that the intermediates formed are more 
recalcitrant than the parent compound itself. 
• Ozonation is the most economically feasible option to treat estrone in wastewater 
treatment plants in terms of total operating cost although energy calculations 
show UV/H2O2 as the most efficient. 
5.2 Recommendations for future study 
On the basis of the present study, several issues merit further research. They are listed as 
follows: 
• GC-MS and HPLC data pointed out the fact that the advanced oxidation of 
estrogens produced other by-products and intermediates and identification and 
further quantification with the help of pure compounds is very important in order 
to understand the reaction mechanisms. 
•  Studying the impact of pH and other OH• radical scavengers. 
• Genotoxicity analysis by AMES test can provide more information on the 
mutational effects of these estrogens and the impact of these AOPs on it. 
• Evaluation of AOPs on other estrogenic compounds such as EE2 should be 
conducted and biological assays should be used to evaluate the estrogenicity and 
genotoxicity. 
• Impact of other AOPs such as Fenton’s reagent, pulsed plasma, microwave 
radiation and ferrate reagent on the degradation of estrogens with anaerobic 
digestion and a cost comparison with other established AOPs would make the 
study more comprehensive and complete. 
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Appendix 
Sample calculation for cost analysis: 
An example calculation for O3/UV/H2O2 process is shown here for degradation of E1. 
Calculations for all other AOPs can be done in a similar way.  
 (a) Capital cost estimations 
From the experimentally determined data, the first-order degradation rate constant for E1 
in this case was 0.17 /min. So, the time required for 90% removal was calculated using 
Eq. (4) as t90 = 13.54 min. As stated earlier, we make an assumption that the residence 
time for the proposed wastewater treatment plant with this AOP = 13.54 min (Mahamuni 
and Adewuyi (2010)), so for a design flow rate of 1000 L/min and with a power density 
used for UV of 17 watt/L, the total amount of energy required in the form of UV for the 
plant = 13540* 17 = 230 kW. The power input of UVC lamp (PhilipsGX-23) was 13 W. 
As per receipts from the manufacturer (www.bulbs.com), the cost of each bulb was $27. 
So, the number of such UV lamps required for the plant = 230180/13 = 17706. Thus, the 
total cost of UV devices = 17706*27= $ 478,066. 
The dissolved O3 concentration used in this study = 1.31 mg/L (2500 ppm on gas basis). 
Once the dissolved concentration reaches a steady state of 1.31 mg/L, the requirement for 
dissolved O3 is only for 1000 L/min of wastewater. So, at steady state, the demand for 
ozone = 1310 mg/min= 4.2 lb/day. From the ozone generator manufacturer 
(www.ozonesolutions.com), the capacity of ozone generator was 2.12 lb/day. So, two 
unit of ozone generators are sufficient to meet the ozone demand for this case. The 
quoted cost of this device is $ 9095, so total cost comes to $18190. The energy 
consumption of this device was 0.54 kW. 
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Hence, the total capital cost of the AOP unit for (O3/UV/H2O2) treatment= cost of 
UV+O3 system = $ 496,256. Hence, amortized capital cost was calculated using Eq. 5 
and added with the cost of ozone reactor to get total amortized capital cost= $ 85,936. 
(b) Annual operations and maintenance (O&M) cost 
(i) Labor cost: In UV systems, we assume the sampling frequency was 1 sample/week 
and for ozone systems, 1 sample/week. We also assume that there are 52 weeks/year and 
sampling labor is 1 hr/sample. 
1. For UV system: Annual sampling labor = 1 * 52 = 52 h; UV system O&M = 
18h/year; total annual labor hours = 52 + 18 = 70. 
2. For O3 system: Annual sampling labor = 1 * 52 = 52 h; O3 system O&M = 48 
h/year; total annual labor hours = 52 + 48 = 100. 
3. For General O&M of the water treatment plant = 312 h/year. 
Thus, the total annual labor hours = 70 + 100 + 312 = 482. 
Total annual labor cost = 482 * 80 = $ 38,560 
(ii) Analytical cost: 
1. For UV system: Annual analysis labor = 1 * 52 = 52 h; total annual labor hours = 
52 h. 
2. For O3 system: Annual analysis labor = 1 * 52 = 52 h; total annual labor hours = 
52 h. 
Total annual analysis labor hours = 52 + 52 = 104. 
Total annual analysis cost = 104 * 200 = $ 20,800 
(iii) Chemical cost: The only chemical used was H2O2, so the total cost based on 
consumption and volume of water treated = $ 18 
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(iv) Electrical cost: Power consumption in O3 + UV system = sum of power consumed by 
each system = 1.08 + 230.1 = 231 kW. Total energy consumed in a year = 31536000 * 
231 = 2023560 kWh. Rate of electricity = $ 0.08/kWh. Thus, total annual electrical cost = 
0.08 * 2023560 = $161,884 
(v) Part replacement cost: 
1. For UV system: Part replacement cost = 45% of electrical cost = (0.45 * 
230*31536000 * 0.08)/3600 = $ 72,532 
2. For O3 system: Part replacement cost = 1.5% of capital cost of the two O3 
systems= 0.015 * 18160 = $ 273 
So, total part replacement cost = 72532 + 273 = $ 72,805 
Total O&M cost = part replacement cost + labor cost + analytical cost + chemical cost + 
electrical cost. So, total O&M cost = 72,805 + 38,560 + 20,800 + 18 + 161,884 = 
$294,067. 
Total annual operating cost for O3/UV/H2O2 system = total amortized annual capital cost 
+ annual O&M cost = $85,935 + $294,067= $ 380,002 
Total amount of water treated in a year = 1000 * 60 * 24 * 365 = 525600000 liter = 
139047.619 thousand US gallons. Thus, cost of wastewater treatment = 
$380,002/139047.619 = $2.73/ 1000 gallons. 
Sample EE/O calculation: 
For O3/UV/H2O2 process the total electrical energy utilized in our treatability study was 
0.55 kW. The volume of water treated was 750 ml and treatment time was 13.54 min. 
So, the EE/O is calculated using Eq. (6).  
Thus, EE/O = (0.55 * 13.54 * 1000) / (0.75 * 60 * log (5/0.5)) = 166.39 kWh/m3/order. 
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